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Introduction
The central aim of this thesis is to provide further insights in the pathophysiological mechanisms 
underlying the balance and gait impairments of Charcot-Marie-Tooth patients. The rationale 
behind this theme will be disclosed in the current chapter. In Part A, an introduction will be 
given on the signs, symptoms and impairments of Charcot-Marie-Tooth patients. Part B will 
briefly introduce the research methodology by providing a background on motor control, the 
research concept, the various study designs and outline of this thesis. 
Part A
Charcot-Marie-Tooth Disease
With an estimated prevalence of 10-50 per 100,000 Charcot-Marie-Tooth disease (CMT), also 
known as Hereditary Motor and Sensory Neuropathy (HMSN), is the most common inherited 
polyneuropathy 1. CMT is a progressive neurological disease characterised by a distal loss 
of motor and sensory nerve fibres. In the 1970’s, it was classified in seven main disease 
categories based on clinical semeiology, mode of transmission, electrophysiological pattern 
and nerve biopsy features 2. Over the last decades, more than 20 causative genes and 30 loci 
have been identified 3, 4. As a consequence, genetic testing has become an important aspect 
of the diagnostic work-up. Overall, two principal forms of CMT can be distinguished according 
to electrophysiological criteria: a demyelinating type (CMT I) with severely reduced motor 
nerve conduction velocities (MNCV < 38 m/s), and an axonal type (CMT II) characterised 
predominantly by axonal loss with normal or slightly reduced MNCVs (> 38 m/s). The most 
common subtype is CMT type Ia (~ 70% of all cases), which involves an autosomal dominant 
duplication of the region on chromosome 17 that contains the peripheral myelin protein 22 
(PMP22) gene 5. The PMP22 gene is responsible for the production of the myelin sheath that 
surrounds the axons of peripheral nerves (see Fig. 1). The myelin sheath provides nourishment 
to the axon and increases the speed at which stimuli propagate along the nerve fibres. 
  
Figure 1. Peripheral myelinated nerve fiber, including the 
axon and myelin sheath, wich undergoes degeneration in 
CMT type I disease.
Figure 2. CMT is a demyelinating polyneuropathy 
characterised by symmetrical progressive length-
dependent atrophy and sensory abnormalities of 
the distal limbs, particularly affecting the feet and 
hands (black areas).
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 The duplication of the PMP22 gene causes a hypermyelination of the large myelinated 
nerve fibres, followed by a demyelination when the disease progresses. The demyelination 
induces a slowed nerve conduction velocity of the large diameter motor, sensory and mixed 
nerve fibres. Ultimately, the demyelination leads to axonal loss of the affected nerves 6-9. 
Symptoms usually begin in late childhood or early adulthood and have a symmetrical and 
distal to proximal distribution (see Fig. 2). The majority of patients deteriorates very slowly or 
remains clinically stable for relatively long periods of time 10. As a consequence, most CMT 
Ia patients stay ambulatory throughout their lives although they may encounter substantial 
limitations in their daily activities. 
Signs and symptoms
The secondary loss of the large myelinated afferent fibres results in impaired superficial 
sensation (group II or Aβ afferents), and diminished vibration and joint position sense (group 
I or Aα afferents) 8-15. Functional loss of the large myelinated afferents is characterised by 
areflexia. As a result of axonal degeneration of the efferent fibres, the distal muscles start 
to atrophy, characterised by increasing fatigability, muscle cramps, and ultimately muscle 
weakness 8-15. The muscle weakness initially affects the intrinsic foot muscles, the foot 
dorsiflexors and foot evertors 16. The weakness of the foot dorsiflexors results in foot drop, 
the inability to lift the feet against gravity. Weakness of the foot evertors induces excessive 
supination of the feet. In a later stage of the disease, the plantarflexor muscles are affected 
as well (see also Fig. 3).
 The gradually weakened muscles have more and more difficulty opposing the 
contractions of the intact antagonist muscles, which results in muscular imbalance around 
the joints. Long-term and progressive muscular imbalance, inevitably leads to foot-ankle 
deformities 17, 18. Initially, these deformities are reversible, but after a prolonged period of 
imbalance, deformities and contractures become irreversible. The foot deformities that 
commonly arise are hammer toes (hyperextension of proximal phalanx in combination with 
a flexion deformity at the proximal interphalangeal joint), pes cavus (high arched feet; see 
also Fig. 4), pes cavovarus (high arched feet with hind foot varus or supination), and pes 
equinovarus (tight Achillei tendons due to shortening of the triceps surae in combination with 
supination and varus of the foot). As a compensatory mechanism, these patients often stand 
and walk with hyperextension of the knees to achieve heel loading. Most patients present with 
loss of hand function as well, affecting predominantly the intrinsic hand, thenar and forearm 
muscles 9, 12, 19-21. Besides the direct disease-related distal muscle atrophy, the proximal 
muscles may atrophy as well, due to a sedentary life-style with secondary deconditioning and 
muscle waste.
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 Pain is frequently reported by CMT patients as well 16, 22, 23. Pain in CMT disease 
may result from various origins, such as muscular overload, joint pain due to abnormal 
loading patterns (e.g. knee hyperextension, internal hip rotation, pelvis anteversion, lumbar 
hyerlordosis) and formation of calluses and corns on the foot. Some patients also experience 
neuropathic pain with paresthesia and dysesthesia, due to hypersensitivity of the affected 
peripheral nerves. Fatigue is another frequently encountered complaint in CMT disease of 
which the causally related determinants remain to be identified 24. Eventually, CMT patients 
may experience psychosocial problems as a result of the (perceived) disabilities and limitations 
in participation 25. Yet, psychiatric abnormalities are generally not observed 26.
Treatment 
Several pharmacological treatments for CMT disease are being explored. Chronic treatment 
with high-dose ascorbic acid (vitamin C) has shown positive effects on demyelination and 
functional motor tasks in transgenic mice and rats 27, and is currently investigated in adults 
and children. Furthermore, a small trial of treatment with neurotrophin-3 in humans has shown 
possible beneficial effects, especially on sensory symptoms and reflex scores 28. Nevertheless, 
at the moment, no causative therapies are available for CMT disease. Therefore, treatment 
goals for CMT patients are defined in terms of rehabilitation management and are often 
discussed in view of the widely accepted ‘International Classification of Functioning, Disability 
and Health’ 29. The ICF classifies functional health in three domains: body function and 
structure (physiological and anatomical properties of the subject), activities (actions that are 
performed in daily life) and participation (e.g. work or social interactions). Current rehabilitation 
programmes focus predominantly on an optimisation of daily functioning and preservation of 
social participation. This includes optimisation of postural control and ambulation, as well 
as hand use. Proximal strength and functional training have elicited positive effects on the 
performance of various motor tasks 30-32. In contrast, distal muscle strengthening may elicit 
Figure 3. The lower leg of a person with Charcot-
Marie-Tooth disease, characterised by a “stork leg” 
appearence due to distal muscle wasting.
Figure 4. Foot of a Charcot-Marie-Tooth patient, 
characterised by the typical high arch (pes cavus) and 
hammer toes.
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adverse effects on the patients’ condition, due to overload of partially atrophied muscles 16. 
Rehabilitation treatment also addresses pain, fatigue and foot deformities. Surgical procedures 
such as tendon transpositions, osteotomies and arthrodesis can prevent and correct the 
secondary foot deformities 17, 18. At some time, patients may require orthotic devices like inlays, 
orthopaedic shoes for joint stabilisation, and dynamic orthotics such as ankle-foot orthoses 
(AFO) to correct foot-drop during gait 33. In later stages of the disease, patients may need 
walking aids such as canes and walkers. 
Functional impairments and falls
Due to the motor, sensory and secondary orthopaedic impairments, CMT patients frequently 
encounter problems with basic activities of daily life such as standing, walking and stair-
climbing. Patients mainly complain about clumsiness, spraining, stumbling, tripping, poor 
balance, difficulty with walking in the dark, running, jumping and climbing and descending 
stairs 12, 13, 15. Falls are frequently reported by CMT patients as well. Falls may have serious 
consequences such as lacerations, bruises and fractures. The immobilisation following a 
fracture may lead to severe additional muscle waste. In addition, the fall might induce fear, 
leading to functional decline and decreased participation 34, 35. Therefore, it is necessary to 
have more insight in the causes of these falls. Previous research in various patient groups 
has identified several risk factors for falls, both intrinsic (person related, such as muscle 
weakness, sensory loss, impaired vision, ataxia, hypotensia) and extrinsic (irregular surfaces, 
slippery floors, poor lightning) 36-40. An actual fall is usually caused by an interaction of several 
of these risk factors. In healthy adults and elderly, 48% of the falls is related to walking 
outdoors (sidewalk, curb, street) while unexpectedly encountering an uneven surface 41. In 
elderly polyneuropathy patients, irregular and uneven surfaces (as opposed to slick or wet 
surfaces) even account for 78.9% of the falls 42. Therefore, unexpectedly encountering an 
uneven surface during walking might be considered an important extrinsic risk factor for falls 
in polyneuropathy patients.
Part B
Theoretical background on motor control
Before going into detail about the research aim and design, it is necessary to give a brief 
theoretical background on motor control. Basic motor skills such as standing and walking 
are seemingly simple. Yet, they are based on highly complex, automated processes. Motor 
output is formed at the spinal level, where rhythmic output is produced by the so-called central 
pattern generators (CPGs) 43, 44. The motor output is under continuous control of various 
peripheral and cortical input sources. The afferent input arises from body-related aspects as 
well as the environment. Important input sources are the visual, vestibular, exteroceptive and 
proprioceptive system. The exteroceptive cutaneous receptors provide tactile information. The 
proprioceptive muscle spindles play a prominent role in the detection of joint movement and 
position awareness. Input from all the sensory systems is integrated in the central nervous 
system (CNS). This integration takes place at several levels. At the lowest level there are 
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spinal reflexes. More advanced integration is obtained when the brainstem and cerebellum 
get involved. In animals, it has been shown that both of these levels can adjust the locomotor 
output when perturbations occur 45. In humans, the cortex plays a more dominant role in the 
control of gait, presumably because of the extra postural constraints. Yet, experimental studies 
have shown that the spinal mechanisms are similarly organized 46. 
In addition to the motor output that is produced by the CPG, some of the normally 
occurring muscle activity during gait is of reflexive origin. Reflex activity can also rapidly 
compensate for small irregularities and perturbations 47. Dependent on the origin, the reflex 
activity has several characteristics. Proprioceptive input from the muscle spindles generates 
short latency, monosynaptic reflexes at ~ 40 ms after stimulation, mediated by the Ia afferents. 
Stimulation of the cutaneous receptors induces a medium latency reflex ~ 80 ms after stimulation, 
generated by a polysynaptic pathway 48. The exact muscle synergy and amplitude of the reflex 
response depends on the location and strength of the stimulus, as well as on task-dependent 
information. Whether or not the reflex response is adequate, depends upon the capacity of 
the subject to rapidly detect a stimulus, select an appropriate response and generate a proper 
motor response. All of these factors together contribute to the overall electromyographic and 
kinesiologic characteristics of the corrective response. 
 The higher levels of the CNS, such as the cerebellum and cortex, can further modify 
the ongoing reflex responses and change the gain in certain reflex pathways, based on 
anticipation. For example, the cutaneous sensitivity of the foot at touchdown is reduced, due 
to the expectation of an incoming sensory volley 49. Such changes due to anticipation are 
essential for the smooth progression of gait. This paradigm is comprised in an ‘internal feed-
forward model’ that continuously compares the predicted with the actual sensory feedback 50. 
In case of a discrepancy, a corrective response may occur. Such corrections could be quite 
rapid and subtle when the cerebellum ‘primes’ the reflex circuits for an expected upcoming 
event, such as touchdown. 
 In general, sensory information is largely sufficient and even redundant. However, in 
CMT disease, the somatosensory input can be substantially reduced. Since the hierarchy of the 
sensory input sources in the CNS is flexible, it will easily switch to another sense if the primary 
sense is not adequate 51. Consequently, the system will employ alternate strategies, such as 
increased visual or cognitive control, in order to keep an optimal functional performance level. 
Therefore, balance and gait impairments can be easily masked if only simple motor skills are 
tested. For instance, ‘visual dependency’ only becomes evident when a patient is deprived of 
visual information. Motor and sensory deficits might also be masked with increased cognitive 
control. This involves a switch from a highly automatic control of balance and gait to a more 
voluntary, conscious control. Under normal conditions, this may not be noticed, since the brain 
is capable of processing several attentional tasks at the same time. However, under more 
challenging conditions, such as having a conversation while walking on an irregular surface, the 
processing capacity of the brain may be exceeded, potentially increasing the risk for errors and 
falls. Therefore, it is necessary to introduce variable and difficult environmental circumstances 
in functional assessments of balance and gait in CMT disease. A proper assessment of 
functional motor skills should include sensory, motor and cognitive manipulations.
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Research paradigm 
In daily practice, ambulatory disability and loss of balance are among the most frequently 
reported medical problems of CMT patients. Yet, studies on these topics are scarce. A 
Pubmed search, using both ‘MeSH terms’ and ‘words in text’ revealed a substantial number 
of papers on CMT in general, but only a few on gait and posture (see Table I). In CMT type Ia 
patients, these studies were even more scarce. Only 3 studies on posture and 7 on gait could 
be identified.
Table I: Literature search of the symptoms, gait, posture and falls in CMT (type Ia) disease.
Consequently, the overall relationship between the pathophysiological impairments 
on the one hand and the ambulatory disabilities on the other hand is far from clear. Based 
on previous research and current ideas, various potential factors and mechanisms that might 
be involved, have been identified. These factors are schematically illustrated in figure 5. In 
accordance with the ICF classification of functional health, the factors in figure 5 have been 
classified in 3 domains: impairments on the level of bodily functioning (motor and sensory 
loss), activities (balance and gait) and participation (ambulatory disability). 
 The studies that have previously addressed gait in CMT disease focused predominantly 
on advanced CMT disease. From these studies it was concluded that gait in advanced CMT 
disease is slower and more variable in stride length and stride width, as compared to gait in 
healthy subjects 52, 53. This altered motor behaviour has been observed in elderly as well, and 
might represent a ‘cautious gait strategy’ 54. Step variability further increases when patients 
walk on an irregular surface, and has been associated with an increased risk for falls and fall-
related injuries 42, 55. To compensate for the foot drop and supination, patients might display 
steppage gait, characterised by increased hip and knee flexion during the swing phase. 
Ultimately, patients may develop marionette gait, characterised by increased hip abduction 
and pelvic elevation on the swing side 56, 57. 
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Figure 5. From DNA to disability: a schematic overview of the research paradigm. Left: the potential determinants 
that are involved in the overall relationship between the pathophysiological impairments and ambulatory disability in 
Charcot-Marie-Tooth patients. The determinants are stratified in accordance with the ICF classification of the functional 
health (right). Dashed arrows illustrate hypothetical associations; solid arrows represent proven or generally accepted 
associations. The numbers in superscript reflect proven associations and refer to the reference list at the end of this 
chapter.
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 The causes of the altered balance and gait abilities in CMT disease are largely 
unknown. Previous studies have focused predominantly on the relationship between the loss 
of motor function and functional disabilities. Consequently, balance and gait impairments 
have been mainly attributed to loss of lower leg strength. For example, Vinci et al. reported 
that the foot rotation, footdrop and plantarflexor failure are the main problems involved in 
impaired gait 15. The role of sensory loss, however, is largely underrepresented in research so 
far. Since the large afferent fibres are responsible for information about touch, vibration and 
joint position sense it is likely that the sensory input plays an important role in maintaining 
stability as well. Previous work in Nijmegen corroborates this notion. It was shown that several 
cutaneous reflexes that contribute to the normal ongoing EMG activity during gait disappear 
as a consequence of CMT disease 58.
 Since CMT is a slowly progressive disease, patients can gradually adapt to their 
peripheral impairments. The gradual deterioration might induce a process of pro-active central 
adaptation, which is reflected by increased reliance on visual input and cognitive control for 
balance and gait (see also Fig. 5). For example, it is known that CMT patients develop an 
increased reliance on visual control for balance 59. This strategy might be very efficient under 
normal conditions. However, in conditions of poor lightning, increased reliance on visual 
feedback has been associated with increased numbers of falls. 
 Besides these central adaptations in pro-active control, one might also expect 
changes in the reactive control of balance and gait in CMT patients (see also Fig. 5). Generating 
a rapid and strong reaction as a response to a sudden perturbation is important in maintaining 
balance. Based on the frequent falls associated with unexpectedly stepping on an irregular 
surface in polyneuropathy patients 42, these responses might function sub-optimally in CMT 
patients. As illustrated in figure 5, this deterioration might be due to a deficit either in the error 
detection, mediated by the sensory system, or in the execution phase. In CMT type Ia patients, 
especially the large myelinated afferent fibres are affected, which are responsible for the short 
latency stretch reflexes as well as the load feedback from the sole of the foot 60-62. Therefore, 
it is expected that CMT patients are less able to respond accurately to these irregularities. 
Taking into account the fact that the majority of falls in polyneuropathy patients are indeed 
related to stepping on irregular surfaces during walking, studying unexpected changes in 
support surface conditions during walking is highly indicated. In order to gain further insight 
in the inadequate reactions and associated falls of the CMT patients, identification of the 
physiological requirements for a successful recovery reaction after a perturbation in healthy 
subjects is important. 
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Study design
There are several ways of studying the contribution of all potential factors involved in the 
impaired balance and gait of CMT patients. The advantages and disadvantages of various 
study designs will be briefly discussed in the following section. Ideally, one would design a 
prospective cohort study, which addressed the patients’ clinical symptoms in addition to the 
decline in the patients’ physical abilities. However, the assessment of change is complicated 
by a number of factors. Firstly, CMT is a very slowly progressive disease. Hence, this will most 
probably limit the number of repeated measures due to financial and practical constraints. 
Secondly, when assessing change over a long period of time, one has to take into account 
that subjects will gradually adapt to the new situation and learn to cope with their new 
health status, thus the increase in physical disabilities will not be linear. Thirdly, although 
epidemiological studies might identify predictive factors for impaired balance and gait, this 
does not necessarily involve more insight in the underlying factors of impaired responses to 
sudden perturbations, leading to falls in daily life. 
 Therefore, instead of the long-term follow-up prospective design, several cross-
sectional designs have been developed in order to address the main determinants for impaired 
balance and gait in CMT patients. Cross-sectional designs can address many outcome 
measures at the same time and are very useful for understanding disease aetiology and 
generating further hypotheses. The first design is an evaluation of the presence of ambulatory 
disability in a large, heterogeneous group of 75 CMT type I patients with varying degrees of 
disease severity. The level of ambulatory disability and patients’ participation is likely to be 
determined by several physical, demographic and psychological factors. Physical disability can 
be assessed in two ways: observational or by means of self-reported measures. Theoretically, 
observational methods give the best insight into a patient’s actual level of functioning, since 
they are not contaminated by the views of the patient concerning his functional disability. On 
the other hand, the patient’s own view is of considerable clinical interest since it has been 
shown that perceived disability strongly predicts the patient’s social participation 63. Given 
the differences between observational and self-reported measures, it is important to assess 
disability in both manners in order to get a complete impression about the patient’s physical 
disability. In the literature, both observational and self-reported ambulatory disability have not 
been studied systematically in well ambulant CMT type I patients before 64-68. 
 The other designs are experimental studies in which balance and gait will be 
perturbed. Since research on balance and gait impairments is scarce, but complaints are 
already expressed by relatively mildly affected patients, only the latter type of patients are 
included in the experimental designs. Thus, the study sample consists of a small, homogeneous 
group of CMT patients, with a proven duplication of the gene encoding the PMP22 protein 
on chromosome 17p11.2, who are healthy otherwise. To limit the effect of biomechanical 
constraints on balance and gait, patients only meet the eligibility criteria if they have had no 
prior surgical corrections, no irreversible foot deformities, and are able to achieve bipedal heel 
loading when standing with fully extended knees. Furthermore, the patients have to be able to 
walk independently for 15 minutes. 
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Figure 6. Experimental design that 
mimics an unexpected step-down 
such as missing the last staircase, 
characterised by the absence of 
expected sensory input at foot contact.
The first experimental design attempts to mimic situations that lead to falls in 
polyneuropathy patients in daily life. The experimental set-up can induce a sudden change 
in the support surface height that requires fast corrective responses to regain stability (see 
Fig. 6). Corrective responses to an unexpected loss of ground support have only recently 
been examined. Several studies have used a platform that unexpectedly collapsed or dropped 
down after foot contact 69-71. In all these studies, the individuals made contact with the support 
surface before and during the lowering of the surface, thereby providing continuous afferent 
feedback. However, there are perturbations when such continuous feedback is lacking, for 
instance, when missing the last staircase. In that case, the actual stimulus is the absence 
of foot contact at a time when one expects it. Detailed information on the requirements for a 
successful recovery reaction in healthy subjects is required in order to understand why CMT 
patients fail to meet these requirements.
 
 
 
The second experimental design is a balance assessment. The ability to control the 
centre of mass in space is termed postural control. To remain in balance, the centre of mass 
has to be maintained over its base of support and is continuously adjusted. For relatively small 
perturbations this can be done by activating the muscles surrounding the ankle, the so-called 
ankle strategy 72. In the case of larger perturbations, subjects usually activate the trunk and 
upper leg muscles, also called the hip strategy. Impaired postural control leads to instability 
and has been associated with increased self-reported disability and falls 73, 74. A valid method 
to assess balance is by means of dual force-plate posturography (see Fig. 7) 75. This method 
permits to study the position of the centre of pressure (COP) of the subject. When assessing 
balance in CMT patients, it is very important to identify the velocity of the COP in the analysis. 
It has been shown that the COP velocity is particularly sensitive to high-frequency alterations 
in postural control, which are supposedly more affected by CMT than the low-frequency 
alterations that are often expressed as postural sway 76. In the current thesis several factors 
will be manipulated (e.g. visual feedback and support surface condition) in order to sufficiently 
stress the balance system and unravel compensatory mechanisms.
Figure 7. Schematic representation of dual force-plate posturography, 
a method to measure postural control. Force signals of the left and right 
foot are measured seperately and averaged to calculate the position of 
the subjects’ centre of pressure (COP). The velocity and amplitude of 
the COP trajectory can indicate postural instability.
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Outline of this thesis
In summary, the aim of the current thesis is to provide further insights in the pathophysiological 
mechanisms underlying the balance and gait impairments of CMT type Ia patients. Firstly, an 
inventory will be made of the amount of ambulatory disabilities in CMT patients. Secondly, 
a new paradigm of gait perturbations will be introduced. Thirdly, the responses of CMT Ia 
patients to perturbations of gait and balance will be evaluated. Consequently, the outline of 
this thesis is as follows:
Part 1: Research paradigm 
In chapter 1, an introduction is given on the characteristics of CMT disease, as well as on the 
research methodology. In chapter 2, a cross-sectional assessment is described, addressing 
the level of ambulatory disability and the use of walking aids in 75 well-ambulant CMT type I 
patients, aged 20-58 years. In addition, associated demographic, physical and psychological 
variables are identified. Care was taken to report on both objective measurements of physical 
activity and strength, as well as on perceived levels of disabilities and impairments.
 
Part 2: Introduction of a new experimental set-up
To further enhance our understanding of situations leading to falls in CMT Ia patients in daily 
life, a new experimental set-up is introduced. Unexpected absence of foot contact during 
walking, such as missing the last staircase, has received little attention so far, despite obvious 
clinical relevance and associations with everyday falls. In order to mimic such a sudden 
change in support surface height during walking, an experimental set-up is introduced in which 
subjects walk on a platform that can be unexpectedly lowered 5 cm before foot contact. At 
other times, the platform can be unexpectedly placed at level height. During the experiment, 
glasses block the lower visual field. The new experimental set-up is tested thoroughly in 12 
healthy young adults, as will be described in chapters 3, 4 and 5. Finally, the same set-up 
is used to test the muscular, kinesiologic and mechanical responses of CMT Ia patients, as 
described in chapter 6.
 Chapter 3 introduces this new method to study reactions to an unexpectedly 
lowered support surface. The effects on foot placement, step cycle times and limb loading are 
studied in 12 healthy young adults. The results of the unexpected step-downs are compared 
with expected step-down trials. Foot placement is subdivided in heel, forefoot and combined 
(flatfooted) landings. The parameters that are analysed with respect to limb loading are the 
loading peak, load- rate, centre of pressure trajectory and push-off force. In chapter 4, the 
early loading phase is further elaborated on. During gait, the impact phase is sometimes 
characterised by an early loading peak, termed ‘transient’, followed by a brief decline in the 
force profile, termed ‘unloading phase’. It is hypothesized in chapter 4, that these transients 
occur more frequently when subjects are unaware of the landing condition, and that the 
unloading phase represents a yield of the leg. This was tested experimentally using the 
previously described set-up in 12 healthy young adults. Furthermore, associations between 
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the unloading phase and type of foot placement, load-rate, kinesiology and centre of pressure 
trajectory are investigated. 
 When the moment of foot contact differs from the one expected, a fast response is 
needed. Chapter 5 describes how the difference between expected and actual loading at foot 
contact can trigger corrective muscle synergies in healthy subjects. Onset latencies, muscle 
synergies as well as associated kinematic responses will be elaborated on. 
Part 3: Experimental studies in patients with CMT type Ia
Based on the results of chapter 5, it was predicted that the absence of the expected foot 
contact when stepping down unexpectedly would be sensed by the large diameter sensory 
afferents from the distal leg. Therefore, it is expected that CMT Ia patients are less able to 
detect this. This hypothesis is investigated in chapter 6. Furthermore, the contribution of the 
motor and sensory impairments to the altered responses was examined. 
 In chapter 7, the influence of the loss of large myelinated somatosensory fibres on 
postural control in CMT Ia patients is assessed. Postural control was measured by a balance 
assessment consisting of quiet barefoot standing on a stable and compliant surface. The task 
was done with eyes open and eyes closed to determine the visual dependency of the patients. 
In order to disentangle the effect of the somatosensory loss (vibration sense and tactile 
sensation) from the influence of muscle atrophy, 9 CMT type Ia patients were compared with 
8 patients with similar distal muscle atrophy, without sensory loss (a distal type of SMA, Spinal 
Muscular Atrophy) as well as with 11 healthy age-matched controls. This thesis ends with a 
general discussion, which will elaborate on the most important results, clinical implications 
and future perspectives in chapter 8.
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Abstract
Purpose:	 To determine the level of ambulatory disability and 
the use of walking aids in well-ambulant HMSN I patients, and 
to identify the related demographic, physical and psychological 
variables. 
Methods:	Seventy-five well-ambulant HMSN I patients, aged 20 
to 58 years, were measured in a cross-sectional assessment, 
addressing disability of ambulation and mobility (Sickness Impact 
Profile), demographics, muscle strength (Medical Research 
Council), use of walking aids, physical activity (actometer), fatigue 
(Checklist Individual Strength) and quality of life (EuroQoL).
Results:	 Seventy-two percent of the patients experienced 
significant ambulatory disabilities. These patients were less active 
and more fatigued compared to patients without ambulatory 
disability and healthy reference groups. The total patient sample 
showed marked distal paresis (mean MRC = 3.3), a high level 
of pain- discomfort (76%), but normal levels of employment 
(62.7%) and anxiety- depression (20%). Walking aids were used 
by 49% of the patients. These patients were older, less active, 
had less muscle strength, and experienced more problems with 
ambulation, mobility and fatigue than non-users, but they did not 
necessarily perceive walking disabilities.
Conclusion:	 Ambulatory disability frequently occurred in well-
ambulant HMSN I patients. The use of walking aids was not 
completely in accordance with perceived ambulatory disability. 
Therefore prescription requires specific attention as well as 
complaints about pain and fatigue. 
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Introduction
Hereditary motor and sensory neuropathy (HMSN), also known as Charcot-Marie-Tooth 
disease (CMT), is among the most commonly inherited neuropathies, with a prevalence of 1 
in 2.500 people 1. The most common form, type Ia, is caused by a duplication of the peripheral 
myelin protein 22 gene (PMP22) on chromosome 17 2. The clinical characteristics of HMSN 
I are progressive and include muscle weakness, atrophy of the distal lower leg muscles, 
areflexia and sensory impairment with loss of touch, pain, vibration and joint position sense 3-7. 
In addition, patients develop foot deformities due to muscular imbalance 8. These neurological 
and orthopaedic impairments may lead to ambulatory disabilities, and limitations of daily 
activities and participation.
 Ambulatory disability has been addressed in HMSN I patients before: Birouk et 
al. and Holmberg et al. used a 4-point scale to classify functional disability of ambulation, 
and graded ambulatory problems as mild or moderate when patients were still able to walk 
unassisted 6, 9. Since HMSN I patients are usually not totally wheelchair confined, many young 
and middle-aged HMSN I patients who walk independently are thus regarded as non- or only 
mildly disabled in the literature. This seems equivocal when looking at the patients’ complaints 
in clinical practice. Therefore, the level of perceived ambulatory disability in these patients 
needs further attention.
 Perceived ambulatory disability has not been studied systematically in well ambulant 
HMSN I patients before. Pfeiffer et al. measured perceived ambulatory and mobility related 
problems in a sample of 50 middle-aged HMSN I patients and found no significant differences 
compared to healthy elderly and persons with stroke 10. A comparison with healthy subjects 
of similar age was not made. Other studies did not use validated measurements for scoring 
disability 11 or were performed in non-homogeneous patient samples 12, 13, 14. The level of 
perceived ambulatory disability and patients’ participation is likely to be determined by several 
demographic, physical and psychological factors 15. The use of walking aids, such as insoles, 
orthotics, walkers and wheelchairs can alleviate patients’ complaints, but has not been studied 
before.
 Therefore, in this study the following questions will be addressed: (1) what is the 
level of perceived ambulatory disability in well ambulant HMSN I patients, and (2) which 
demographic, physical and psychological variables differ between patients, based on the 
presence of ambulatory disability and the use of walking aids?
Methods
Participants
Patients, aged 18 to 60 years, were recruited from databases of the Dutch Neuromuscular 
Diseases Association. A total of 220 HMSN type I patients were informed by a letter and asked 
to fill out and return a booklet of questionnaires. The booklets were returned by 158 patients, 
of which 135 met the eligibility criteria. The eligibility criteria consisted of a positive diagnosis 
of HMSN I, absence of other neurological or movement disorders, and the ability to walk 
unassisted. Eighty-six patients willing to take part in the study were invited to the hospital for 
further assessment, of which 75 completed the measurements. A total of 11 patients dropped 
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out due to the length of travel time, the inability to take a day off, or for personal reasons. 
The patients’ neurologist or clinical geneticist received a letter verifying the diagnosis. The 
diagnosis was based on family history, electromyographic (EMG) data, and histological or 
DNA proof, if available. The patients that refused to take part in the study did not differ from the 
research subjects with regard to age, estimated maximum walking duration, use of walking 
aids or employment status. Written informed consent was obtained from all patients. The 
regional ethics committee approved the study. 
      
Outcome variables 
Information was gathered by means of a cross-sectional assessment. Demographic features 
were collected through a self-reported general questionnaire and included age, marital status, 
highest level of education, and current status of employment. The demographic features 
were compared with the population statistics available from the Central Bureau of Statistics 
(CBS 2002®). Muscle strength (ankle plantar flexion, knee extension, and grip strength) was 
measured bilaterally on an ordinal 6-point scale (0-5) according to the Medical Research 
Council (MRC) 16. Mean MRC scores were calculated for the combined ankle and knee 
strength (MRC lower extremity), and the ankle and grip strength (MRC distal), as HMSN 
preferentially affects the distal body parts. 
 Two subscales of the Sickness Impact Profile (SIP) addressed disability of ambulation 
(SIP-A) and mobility (SIP-M) 17, 18. The SIP-A score (12 items) assessed the need for walking 
aids, personal assistance or resting while walking normally, up the stairs, or up a hill. The 
SIP-M score (10 items) addressed the ability to get out of the room and the house. Affirmative 
answers were summed up and weighted for each category.  The SIP-scores were compared 
with the scores of a reference group of 90 healthy people, consisting of 35 men and 55 
women (mean age 37.1 years, SD 10.9), who participated as controls in previous studies 
at the Expert Centre Chronic Fatigue. Patients with a SIP-A score above the mean and two 
times the standard deviation of the reference population (2.3 + 2* 12.6 = 27.5) were defined 
as having significant ambulatory disability. 
 Patients were asked to estimate their maximum walking duration on a 3-point scale 
(< 10 min, 10 min-1 hr, >1 hr). The use of walking aids was defined as a single or multiple positive 
score on a list of items consisting of: electrical wheelchair, hand rim propulsed wheelchair, 
walker, cane, orthopedic shoes, and other orthopedic orthoses. The level of physical activity was 
assessed using an actometer, a device worn by the patients around the ankle for 12 consecutive 
days 19. The actometer measured the number of accelerations over a 5-minute period. A general 
physical activity score was calculated by averaging the number of accelerations over the 
12-day period.  The mean actometer scores were compared with the scores of a reference 
group consisting of 24 males and 23 females (mean age 40.1 years, range 19-63 years), who 
participated in previous studies at the Expert Centre Chronic Fatigue 19.
 We used 3 domains of the EuroQol questionnaire to address quality of life: self-
care, pain- discomfort, and anxiety- depression 20. Each domain was scored on a 3-point 
scale ranging from 1-3, increasing with the severity of the complaints. For example, the item 
pain- discomfort distinguished between 1) no, 2) moderate, and 3) severe pain or discomfort. 
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The percentage of patients that reported a score of 2 or 3 was calculated for each domain. 
Furthermore, patients were asked to mark their current health state on a visual analogue scale 
(VAS) calibrated from zero (‘worst imaginable health state’) to 100 (‘best imaginable health 
state’). The VAS has recently been proven to be a valid, reliable, and responsive measure 
of global quality of life 21. The subscale CIS-fatigue of the Checklist Individual Strength (CIS) 
was used to address the level of fatigue severity 22, 23. The score on this 8-item questionnaire 
ranged from 8 (no fatigue at all) to 56 (maximally fatigued). Each item was scored on a 7-point 
Likert scale. High scores indicate a high level of fatigue; a score of ≥ 35 indicates that a patient 
is severely fatigued. 
 
Statistical analysis
Patients were divided in two groups based on the presence of significant ambulatory 
disability (SIP-A > 27.5). Patients were also stratified according to whether or not they used 
walking aids. A student’s t-test was used to test group differences for continuous variables. 
Associations between dichotomous variables and walking aids were tested using the Chi-
square test. Spearman correlation coefficients were calculated to test correlations between 
non-parametric parameters. Linear multiple regression analysis was used to calculate the 
explained variance of ambulatory disability. Statistical significance was tested at two levels, p 
< 0.05 (*) and p < 0.01 (**), by using SPSS software (SPSS 11.0, Inc., Chicago, IL). 
Results
The patient characteristics are shown in table I. The age ranged from 20 to 58 years (mean 
± standard deviation is 41.5 ± 9.9 yrs). No differences between men (n=32) and women 
(n=43) were found for any of the patient characteristics. The demographic features of the 
patient population did not differ from the reference population. Despite the normal level 
of employment in the patient group (62.7% had work outside home), 13% and 25% of the 
patients were declared partially or totally incapacitated for work, in comparison with a total 
incapacity percentage of 9% within the reference population. This discrepancy is caused by 
the fact that 10 of the subjects who were declared totally or partially incapacitated for work 
were simultaneously involved in a paid occupation, and 2 were studying. 
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Table I: Demographic patient characteristics
Twenty-one patients reported no ambulatory disabilities and 54 patients reported 
scores ranging from 35 to 393 (mean 109), which indicated significant ambulatory disability 
(table II). The mean values of the SIP-M and actometer of the total patient population (N = 75) 
were significantly different from the healthy reference groups (p < 0.05). Patients experienced 
more mobility related disability and were less physically active. The mean MRC scores of 
the lower extremity and the distal body-parts (both 3.3) showed a marked paresis. Patients 
had a high level of pain- discomfort (76%), while the level of anxiety- depression (20%) was 
similar to the reference population. Half of the patients (49%) reported the ability to walk for 
10 minutes up to an hour, and a slightly smaller percentage (41%) could walk for over an hour, 
irrespective of the use of walking aids.
 The patient group with ambulatory disability (N = 54) was significantly older, had 
more mobility related disabilities, had less muscle strength, was less physically active, more 
fatigued and had a lower current perceived health state (VAS) compared to the group without 
ambulatory disability (table II; column 2, 3 and 4). No significant group differences were found 
for the self-care, anxiety- depression, and pain- discomfort items. The use of walking aids 
differed significantly: 24% of the patients without ambulatory disability used walking aids 
compared to 59% of the patients within the disability group. In the patients without ambulatory 
disability, the mean CIS fatigue score (28.5) indicated no severe fatigue and the mean 
actometer score was comparable with the mean of the healthy reference group (89.5 versus 
90.6).
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      Total (N=75)
Age (mean ± sd)     41.5  (9.9) 
Gender (N, (%))
Male     32 (42.7) 
Female     43 (57.3)
Marital status (N, (%))
Married/living together   50 (66.7)
Living independently   20  (26.6)
Living with parents    5 (6.7)
Higher education (>12 yrs; N, (%))   21 (28.0) 
Current status of employment (N, (%))
  Work outside home    47 (62.7) 
Household    3 (4.0)  
Study/school    8 (10.7) 
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Table II: Outcome variables for the total patient sample (N=75) according to level of ambulatory 
disability 
 A total of 21.6% of the perceived ambulatory disability in the 54 patients with 
ambulatory disability could be predicted by means of multiple linear regression analysis. 
The variables actometer, CIS fatigue, age, MRC distal and estimated maximum walking 
duration were entered simultaneously. The MRC distal and the estimated maximum walking 
duration were the two variables responsible for the explained variance (p = 0.03 and p = 
0.005, respectively). To verify whether the reported estimated maximum walking duration was 
consistent with the actual level of physical activity, the correlation between these variables 
was tested. A significant correlation of 0.452 (p < 0.001) indicated that perceived abilities were 
largely compatible with actual physical activity.
 Forty-nine percent of the total patient sample used walking aids (table III). When 
analysing the mean scores, this group of patients was significantly older, had less muscle 
strength, was less physically active, more fatigued, and reported more ambulatory and 
mobility related disabilities compared to the group of non-users. In contrast, no significant 
group differences were found for the participation and quality of life variables. 
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Total 
(N=75)
No 
ambulatory 
disability 
(N=21)
Ambulatory 
disability 
(N=54)
p-Value*
Age 41.5  (9.9) 36.5   (10.9) 44.6   (8.3) 0.001
Walking aids (%) 49 24 59 0.006
Employed (%) 62.7 71 51.9 ns
MRC Lower extremity 3.3    (1.2) 4.3     (1.0) 2.9    (1.1) 0.000
MRC Distal 3.3    (1.2) 4.2     (1.0) 2.9    (1.0) 0.000    
SIP Mobility 22     (55)    † 0 (0) 62.6 (8.5) 0.001
CIS Fatigue 35.0  (12.7) 28.6 (13.0) 37.5  (11.8) 0.006
Actometer 69.8  (22.4) † 89.5   (19.1) 62.1  (18.6) 0.000
Max walking duration (%) ‡ 41.3 76 29 0.000 
EuroQoL Self-care (%) ║ 11 0 15 ns
EuroQoL Pain- discomfort (%)║ 76 62 82 ns
EuroQoL Anxiety- depression (%)║ 20 19 20 ns
EuroQoL General Health status (VAS) 66.1   (19.7) 73.3 (18.0) 63.2  (19.9) 0.048
Data is presented as mean (± standard deviation), unless otherwise specified
* = Level of significance for group difference
† = Significantly different from reference group of healthy controls
‡ = Percentage of patients with an estimated maximum walking duration of > 1hr
║ = Percentage of patients with an EuroQoL score of > 1
ns = not significant, MRC= Medical Research Council, SIP= Sickness Impact Profile, CIS= Checklist Individual 
Strength, VAS=Visual Analogue Scale
    
 
Total 
(N=75) 
No walking aids 
(N=38)
Walking aids 
(N=37)
p-Value*
Age 41.5  (9.9) 38.8   (10.3) 46.0   (7.8) 0.001
Employed (%) 62.7 63.2 62.2 ns
MRC Lower extremity 3.3    (1.2) 3.7     (1.2) 2.8    (1.1) 0.001
MRC Distal 3.3    (1.2) 3.7     (1.2) 2.8    (1.0) 0.001    
SIP Ambulation 109   (101)  † 72      (93) 147   (94) 0.001
SIP Mobility 22     (55)    † 6        (31) 38     (68) 0.011
CIS Fatigue 35.0  (12.7) 31.3   (13.8) 38.8  (10.4) 0.009
Actometer 69.8  (22.4) † 75.8   (21.7) 63.6  (21.6) 0.018
Max walking duration (%) ‡ 41.3 57.9 24.3 0.006
EuroQoL Self-care (%) ║ 11 5 16 ns
EuroQoL Pain- discomfort (%)║ 76 68 84 ns
EuroQoL Anxiety- depression (%)║ 20 18 22 ns
EuroQoL General Health status (VAS) 66.1(19.7) 69.9  (20.7) 62.1  (18.4) ns
Data is presented as mean (± standard deviation), unless otherwise specified
* = Level of significance for group difference
† = Significantly different from reference group of healthy controls
‡ = Percentage of patients with an estimated maximum walking duration of > 1hr
║ = Percentage of patients with an EuroQoL score of > 1
ns = not significant, MRC= Medical Research Council, SIP= Sickness Impact Profile, CIS= Checklist Individual Strength, 
VAS=Visual Analogue Scale
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Table III: Outcome variables for the total patient sample (N=75) according to the use of walking aids
The relationship between ambulatory disability and the use of walking aids is further 
specified in table IV A. The presence of ambulatory disability was not consistent with the 
use of walking aids. Twenty-two of the patients with significant ambulatory disability (41%) 
did not use walking aids. A specification of the walking aids that were used is illustrated in 
table IV B. In general, orthopedic shoes and canes were reported most often as a walking 
aid. The use of wheelchairs and walkers was limited and confined to the group of patients 
with ambulatory disability. For longer distances, 3 patients with ambulatory disability used an 
electrical wheelchair, 5 used a hand-rim propulsed wheelchair, and 2 used a walker. 
  
Table IV: Specification of the use of walking aids
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IV A  Use of walking aids (N)  Total
  No  Yes
No ambulatory disabillity*  16  5  21
Ambulatory disabillity   22  32  54
Total   38  37  75
N= number of patients
* Ambulatory disabillity is defined as SIP-A > 27,5
IV B  Ambulatory disabillity 
  No  Yes
Electrical wheelchair  0  3 
Handrim Propulsed   0  5 
Wheelchair      
Walker  1 2
Cane  1 12
Orthopaedic shoes  3 12
Total  5 32
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Discussion 
From this study we show that ambulatory and mobility related disabilities frequently occur 
within a large population of HMSN I patients. Compared to healthy subjects, patients were 
more fatigued and experienced high levels of pain- discomfort. Actometer scores unequivocally 
showed that they were less physically active. The patients with ambulatory disability had 
increased age, fatigue, degree of paresis, decreased physical activity, and a decreased 
general health state, compared to patients without ambulatory disability. Patients who used 
walking aids were generally more severely affected compared to patients without walking 
aids. This appears from their muscle strength, fatigue, physical activity and disability scores. 
 The use of walking aids in our patient sample (49%) was comparable with the 
percentage mentioned by Pfeiffer et al. (52%) 11. Although we found a higher use of walking 
aids in the group of patients who reported ambulatory disability, the presence of ambulatory 
disability did not distinguish walking aids users from non-users. Walking aids may have 
eliminated ambulatory problems in the group of users who did not report actual ambulatory 
disability. Forty-one percent of the patients that reported ambulatory disability did not use any 
form of walking aids, suggesting that the use of walking aids in these cases is currently not 
optimal. This could be explained, partly, by a lack of adequate prescription by practioners or by 
disacceptance and feelings of shame regarding the use walking aids within the patient group. 
 As for the reported disabilities, our patient population reported more ambulatory 
than mobility related disabilities. Apparently, patients experience more problems with walking, 
compared with their ability to go out. Both mean disability scores were, however, significantly 
higher than the scores of the reference group of 90 healthy people. No significant gender 
differences were found in the present study, although in literature, SIP-scores are generally 
higher for women 18. The variables estimated walking duration and actometer score were 
surprisingly consistent within our patient sample, as was shown by the correlation coefficient. 
Apparently HMSN I patients were able to judge their activities and capabilities rather well, 
which is in contrast with findings in other patient categories 24. The actometer score solely 
represents physical activity of the lower extremity. It is possible that the actometer score has 
underestimated the physical activity of the patients who incidentally used a handrim propulsed 
wheelchair for longer distances (N = 5).  
 The mean percentage of patients suffering from anxiety- depression, and the 
high level of pain- complaints (20% and 76%) were comparable to percentages measured 
by Pfeiffer et al. (18% and 68%), and were not related to ambulatory disability or the use 
of walking aids 11. We also found a high level of fatigue, which is imaginable since HMSN 
patients have to compensate continuously in their postural control by extra muscular, visual 
and cognitive efforts. The mean level of paid employment (63%) in our patient sample did not 
differ from the reference population. Patients’ employment status was not significantly related 
to the use of walking aids. There was a trend, however, that patients without ambulatory 
disability were more often involved in a paid occupation compared to patients with significant 
ambulatory disability (71% vs 51%). 
 We found that the variables strength loss, physical activity and general health state 
differed between patients, based on the presence of ambulatory disability. However, we were 
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not able to detect differences for the emotional aspects of quality of life, as shown by Teunissen 
et al. and Piccininni et al. in related patient groups suffering from an axonal polyneuropathy or 
hereditary neuromuscular disease in general 13, 15. In the present study, the only measurement 
of emotional status was the item anxiety- depression of the EuroQoL. The mean score for our 
patient sample was low on this item, and there was small intersubject variability. The absence 
of substantial emotional suffering may explain the lack of significant differences between the 
patient groups.  
 Multiple regression analysis revealed the variables that were able to explain part of 
the reported ambulatory disability. Estimated maximum walking duration, which was also a 
self-reported measure, partly explained the level of perceived ambulatory disability. Apparently, 
patients were consistent in reporting their perceived (dis)abilities. The other variable that was 
able to explain part of the perceived ambulatory disability was the amount of strength loss on 
the distal body parts, as measured by the MRC. Future long-term follow-up research, with 
greater power, might shed more light on the main causes of ambulatory related disabilities. 
The high levels of pain-discomfort and fatigue need further scientific attention. Fatigue was 
recently investigated by Kalkman et al. in a study comparing patients with facioscapulohumeral 
dystrophy, myotonic dystrophy and HMSN I patients 25. They found that experienced fatigue in 
HMSN I patients was not clearly related to functional impairments.
 In conclusion, ambulatory disability frequently occurs, even in HMSN I patients 
who appear to walk relatively well. The presence of ambulatory disability is associated with 
increased age and fatigue, and decreased muscle strength, physical activity and perceived 
health state. Walking aids are generally administered to the more severely affected patients, 
however, the use of walking aids is not completely in accordance with the perceived disability. 
Thus, with respect to walking aids, counseling and prescription require specific care. In 
addition, physicians who attend to HMSN I patients should be observant to pain- discomfort 
and fatigue. 
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Part 2
Introduction of a new experimental set-up

Chapter 3
Influence of expectancy on foot placement and limb loading when stepping down
Marleen H van der Linden, Henk T Hendricks, Bastiaan R Bloem, Jacques Duysens 
Pending	revision
Abstract 
Unexpected absence of foot contact during walking, which 
resembles stepping in a hole, has received little attention 
despite obvious clinical relevance for everyday falls. Stepping 
on an unexpectedly lowered surface requires that subjects 
rapidly adjust their foot placement and limb loading in order to 
restore dynamic stability. The aim of this study was to identify 
the influence of expectancy, subject and trial sequence on the 
foot placement characteristics of stepping down (5 cm). Twelve 
healthy young adults (24 ± 3 yrs) participated. Expected step-
downs were generally characterised by a lengthening of the 
step prior to the step down, followed by a forefoot or flatfooted 
landing. In contrast, the unexpected step-downs typically resulted 
in a heel landing, a more lateral centre of pressure trajectory and 
an earlier first loading peak. In addition, there was a reduction 
in push-off force, and a shortening of the double support and 
stance phase of the perturbed leg. These effects were largest in 
the first unexpected step-down, no other trial sequence effects 
were observed. The non-perturbed leg showed an earlier onset of 
the stance phase and a reduction in the ensuing double support 
phase, which is consistent with a rapid shift of the body mass to 
the non-perturbed side. The foot placement characteristics, as 
influenced by expectancy, were subject to inter- and intrasubject 
variability. In conclusion, stepping down unexpectedly, even from 
a small height, has a profound effect on foot placement and limb 
loading. The changes presumably reflect individually scaled 
mechanisms aimed at maintaining dynamic stability. 
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Introduction
The human environment is full of stairs and steps, the height of which is easily misjudged. 
Such a misjudgement may lead to an unexpected step-down, jeopardizing dynamic stability. 
Animal studies have shown that the responses to an unexpected absence of ground surface 
are variable and largely depend on posture and limb architecture at the moment of expected 
impact 1, 2. To our knowledge, this has not been investigated in humans, although there are 
some studies on responses to collapsing surfaces 3-5. 
In human gait, maintaining balance while stepping down is extra challenging due 
to our bipedal walking pattern. Normally, we land with a heel strike. When descending the 
stairs or stepping down a pavement edge, this is easily switched to a forefoot landing. The 
switch is subject to critical environmental factors such as step height 6, 7. At a certain height 
it becomes more efficient to land on the forefoot, since it allows the plantar flexors to absorb 
a significant amount of energy by eccentric contraction and results in a smoother lowering of 
the centre of mass (COM) 7-9. The exact threshold for movement switching is subject to both 
inter- and intraindividual variability, presumably attributable to small changes in posture at the 
moment of stepping down 6. The forefoot or flatfooted landing is also frequently observed as 
a safety strategy, when people are confronted with unknown terrain such as slippery surfaces 
or stepping down with blurred vision 10, 11.  Nevertheless, the forefoot landing jeopardizes 
the stability of the ankle since it increases ankle plantar flexion and inversion, which are 
both potential risk factors for an ankle sprain 12, 13. Hence, the individual preferences in foot 
placement might be based on the postural state of the subject and on the perceived threat 
of postural imbalance and ankle instability. How are these foot-landing strategies influenced 
when people encounter an unexpected step-down? This is the topic of the present study, in 
which unexpected step-downs are compared with expected step-downs in a homogeneous 
group of healthy young adults. In addition, inter- and intrasubject variability as well as 
habituation effects are studied. This may provide us with a better understanding of potential 
fall mechanisms not only in normal subjects, but also in people who are less able to recover 
from such an unexpected event during walking, such as for example patients with reduced 
muscle strength or somatosensory impairments. 
  
Methods
Subjects
Twelve young adults (5 male) participated (mean ± SD; age 24 ± 3 yrs, height 1.76 ± 0.12 m, 
body weight 67 ± 13 kg). None of the subjects had a neurological or musculoskeletal disease. 
The experiment was approved by the regional ethics committee and all subjects gave their 
informed consent.
Experimental	set-up	and	Instrumentation	
Subjects walked on a walkway that ended on a gravity driven platform of 1 square meter that 
could unexpectedly lower the ground support surface by 5.0 cm (Fig. 1A) 14. Step cadence 
was standardized by the use of a metronome, set at 1.5 Hz. Subjects wore glasses that 
blocked the lower part of their visual field to deprive them from visual information about the 
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condition of the ground surface. To control head position, subjects were instructed to look at 
a marker on a wall straight ahead. All subjects wore appropriately sized gymnastic shoes with 
leather soles that had little shock absorbing properties. Heel and toe contact were measured 
bilaterally by footswitches that were placed on insoles in the gymnastic shoes to calculate 
step cycle timing. Custom-made electrogoniometers were placed on both knees and the right 
ankle, to measure joint angles. 
Figure 1. (A) Experimental set-up. Subjects were instructed to walk 4 steps, starting with their right foot, and then 
come to a full stop with two feet placed next to each other. The step on the platform was always made with the right leg 
(ipsilateral). (B) Experimental definitions and protocol. (C) Foot placement categories; the top illustrates the first foot 
contact of the heel, combined and forefoot landing. The combined landing was defined as a flat-footed landing where the 
heel, forefoot and/or lateral part of the foot hit the force plate simultaneously. The bottom illustrates the total foot contact 
profile and centre of pressure (COP) trajectory (dark grey lines). The COP trajectories were analysed in a foot reference 
space. A=anterior, P=posterior, M=medial, L=lateral. The y-axis was placed over the medial part of the heel and the head 
of the second metacarpal bone, such that the y-axis was in the AP direction of foot roll-off. The x-axis (ML direction) 
was perpendicular to the y-axis and placed at the posterior edge of the heel. The coordinates of the COP trajectories 
were scaled to the subjects’ foot width and foot length. (D) Vertical ground reaction force characteristics (vGRF). The 
vGRF data were adjusted for the subjects’ body mass (BM) and scaled to the total stance phase duration. Illustrated are 
the loading response (first peak, P1) and push-off force (second peak (P2) and minimum in between the peaks (Min)).
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The gravity driven platform had an embedded footscan pressure plate (RsScan 
International ®, Olen, Belgium, 500 Hz). The data of the pressure plate were used for three 
purposes: to determine the area of first foot contact, the centre of pressure (COP) and the 
vertical ground reaction force (vGRF). In general, three different types of foot placement 
were observed: a heel, forefoot and combined landing (see Fig. 1C, upper panels). The COP 
trajectories (see Fig. 1C, lower panels, dark grey lines) were used to determine the COP 
position at initial foot contact and toe-off, the total path in mediolateral (ML) and anteroposterior 
(AP) direction, and the maximum velocity. The latter was calculated by using a moving average 
with a bin of 20 consecutive samples. The vGRF data were used to determine the timing and 
amplitude of the loading response (first peak, P1), and the push-off force (second peak, P2 
and minimum in between P1 and P2, Min; see Fig. 1D). 
Protocol	
Subjects started the protocol with 10 trials of expected level walking (EL, expected level; see 
Fig. 1B). The subsequent series consisted of unexpected trials and was preceded by the 
warning that the platform might be lowered during any of the following trials. In this series, the 
platform was unexpectedly lowered 9 times (UD, unexpected down; hence UD 1, 2 etc). Each 
UD was followed by 8-10 trials of level walking (UL, unexpected level; hence UL1, 2 etc). The 
exact number of UL trials varied between 8 and 10 to prevent the subjects from being able to 
predict the next UD. In the last part of the experiment, the subjects performed 10 expected 
step-down trials (ED, expected down) after they were told that the platform would always be 
down. The data of 3 subjects were excluded for this condition because they accidentally had 
vision of the support surface by removing their glasses before stepping down. 
Statistical analysis
Paired sample t-tests were used to compare the step cycle durations. Independent sample 
t-tests were used to test the influence of expectancy on kinematics. The influence of 
expectancy, trial sequence and subject on the foot landing strategy was tested with a three-
way analysis of variance. A linear mixed model was used to test the influence of expectancy 
and landing strategy on the vGRF and COP characteristics, meanwhile correcting for the 
covariant ‘subject’. The level of significance was set at p = 0.05. 
Results 
Step cycle characteristics
All subjects successfully performed the test protocol. Subjects adjusted their cadence to the 
rhythm of the metronome. Accordingly, the subjects’ stance phase duration of the step prior 
to the platform (contralateral) was similar for the expected level (EL), unexpected level (UL) 
and unexpected down (UD) condition (see Fig. 2A). In contrast, the subjects significantly 
lengthened the contralateral stance phase when they were aware that the surface was lowered 
(p < 0.001). The unexpected step-downs were characterised by shortening of the ipsilateral 
stance and double support phase (p < 0.001). The first UD trial (UD1) was not included in 
these averages since it showed a significant first trial effect; the ipsilateral stance phase was 
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shorter compared to the stance phase durations of the subsequent UD trials (mean ± SE: 593 
± 33 ms vs 626 ± 27 ms, p = 0.043). The perturbed step was followed by an earlier onset of 
the contralateral loading (not illustrated). This was characterized by a shortening of the step 
cycle duration of the contralateral leg (mean ± SE: UD 1283 ± 16 ms vs ED 1384 ± 11 ms, p 
< 0.001) and a shortening of the ensuing double support phase (mean ± SE: UD 137 ± 13 ms 
vs ED 186 ± 15 ms, p = 0.005).
Figure 2. Effect of experimental condition on cycle durations (A) and foot placement (B). (A) Step cycle durations of 
the population (N=12) for the conditions EL (expected level), UL (unexpected level), UD (unexpected down) and ED 
(expected down). The first UL and UD trials are not included in the averages. Averages are based on 10 of the remaining 
UL trials, 10 EL, 10 ED, and 8 UD trials. Illustrated are the mean plus standard error of the mean for the contralateral pre-
perturbation step (left leg), the ipsilateral step (right leg, stepping down) and the corresponding double support phase. 
The asterisk (*) indicates that the step times in the UD condition are significantly different from the other conditions 
(adjusted p = 0.05/√9 = 0.0017). (B) Foot placement characteristics of the UD and ED condition. 
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Foot placement characteristics
Awareness of the surface height affected the foot placement characteristics of stepping down 
(see Fig. 2B). Unexpected step-downs were landed most frequently on the heel (74%). When 
subjects were aware of the step-down (ED), they more often used forefoot and combined foot 
landings (76%: F1, 161 = 52.6, p < 0.001). As is illustrated in figure 3A and 3C, trial sequence 
had no effect on the type of foot placement.
Figure 3. Foot placement characteristics of landing from an unexpected (UD, upper panels) and an expected step-down 
(ED, lower panels), ranked according to trial number (A, C) or subject (B, D). Represented are the average percentages 
of the forefoot, combined and heel landings.
However, there was a significant effect of subject on the foot placement characteristics 
(subject F11,161 = 10.2, p < 0.001; subject x expectancy interaction F8,161 = 6.04, p < 0.001). 
When comparing figure 3B with 3D, it can be seen that subjects 1 and 2 were very rigid and 
always landed on the heel, whereas subjects 3 and 4 made a clear switch in foot placement 
when the experimental condition changed. There was also a difference with respect to the 
intra-subject variability. Half of the subjects (subjects 5-9) varied their step-down strategy 
within one condition, while the other subjects always used the same. 
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Joint	angle	trajectories
For a more precise analysis on the approach of the surface, the difference in the average 
ankle and knee angle timing and amplitude were studied as a function of foot placement 
and expectancy for the whole population (UD vs ED, see Fig. 4). Forefoot landings were 
observed in both the UD and ED condition. However, a difference was observed in the point 
where the ankle angle traces diverged. In the UD condition, the average ankle angle of the 
forefoot landing started deviating from the average and standard deviation of the ankle angle 
trajectory of the heel landing at 212 ms before initial contact (arrow in upper left panel). In the 
ED condition, this point was at 335 ms before initial contact (arrow in upper right panel). 
Figure 4. Joint angle curves of the ipsilateral ankle (iAN), ipsilateral knee (iKN), and contralateral knee (cKN). The left 
column illustrates the unexpected step-downs (UD), the right column the expected step-downs (ED). The grey line 
represents the average and standard deviation of the mean of the heel landing trials. The black line represents the 
average of the forefoot landings. Subjects with > 2 trials of a landing strategy within one condition were included for 
further analysis. Hence, the results are based on 8 subjects for the ‘UD heel’, 4 for the ‘UD forefoot’, 3 for the ‘ED heel’, 
and 6 for the ‘ED forefoot’ landing condition. The arrows in the upper panels illustrate the point of deviation, the moment 
where the average ankle joint angle of the forefoot landing started exceeding the mean ± standard deviation of the ankle 
joint angle of the heel landing. IC=initial contact.
Furthermore, the average ankle plantar flexion of the forefoot landing at the moment 
of initial contact was much more pronounced in the ED as compared to the UD forefoot 
landing (mean ± SE: 24 ± 4° vs 14 ± 2°, p = 0.03). A difference was also observed for the 
average ipsilateral knee angle at the moment of initial contact. In the ED condition, the knee 
flexion was slightly increased in the forefoot as compared to the heel landing (mean ± SE: 22 
± 1° vs 17 ± 3°, p = 0.1), whereas no such difference was observed in the UD condition. The 
contralateral knee angle was not influenced by the landing strategy (see Fig. 4, lower panels). 
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Ground	reaction	forces	and	foot	roll-off
The difference in expectancy also induced changes in limb loading and foot roll-off. In figure 5, 
the average vGRF and COP trajectories are illustrated for two subjects, performing landings 
on the heel (left side) or the forefoot  (right side). 
Figure 5. Heel and forefoot landing characteristics. The left column illustrates the average vGRF, ML roll-off and AP roll-
off of subject GE, who mainly performed heel landings (N = 6 trials per condition). The right column illustrates subject 
MA, who mainly performed forefoot landings (N= 3 trials per condition). i = ipsilateral, A= anterior, P = posterior, D = 
dorsiflexion, P = plantar flexion, F = flexion, E = extension, UD = unexpected step-down, ED = expected step-down.
In both examples it is evident that unexpectedness affected foot loading and roll-
off. When the step-down was unexpected (UD), the loading peak (P1) occurred earlier and 
the push-off force (amplitude of Min and P2) was lower compared to an expected step-
down (ED). These findings were confirmed by statistical analysis of the whole population 
(P1 timing F1,133 = 14.7, p = 0.01; Min amplitude F1,133 = 16.9, p = 0.001; P2 amplitude F1,133 = 
10.1, p = 0.008). The effect of unexpectedness on P2 was even more pronounced for the very 
first UD trial, since it was significantly smaller compared to the subsequent ones in 6 out of 11 
subjects. Furthermore, unexpectedness induced a more lateral position of the COP trajectory 
at the moment of toe-off (F1,133 = 11.4; p = 0.029, see Fig. 5, lower panels). This difference was 
present during most of the stance phase as well. 
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In addition, there were several significant effects of the type of foot landing on loading 
and roll-off (compare Fig. 5, left and right column). In the forefoot landing, the COP at initial 
contact was situated more lateral and anterior (ML, F2,133 = 14.4, p < 0.001 and AP, F2,133 = 43.2, 
p < 0.001) and the total COP trajectory in the AP direction was significantly shorter compared 
to the heel landings (F2,133 = 27.3; p < 0.001). The maximum velocity of the COP trajectory in 
the AP direction was influenced by both expectancy and the type of foot landing (interaction 
effect F2,133 = 7.96; p = 0.02), being highest following an unexpected step-down that was 
landed on the heel. 
Discussion
Influence	of	expectancy	on	step-down	characteristics
The present study shows that unexpectedness influences foot placement and limb loading 
when stepping down. Unexpected step-downs were landed most frequently on the heel (74%), 
whereas the expected step-downs were often landed on the forefoot or flat-footed (76%). 
The unexpected step-downs were characterised by an earlier first loading peak. Furthermore, 
the loading was more on the lateral side of the foot, which might increase the risk for ankle 
inversion 12, 13. After landing, the unexpected step-downs with a heel strike were characterised 
by a fast forward movement of the COP, which is presumably in conjunction with an accelerated 
forward momentum of the body. In the ensuing stance phase there was a large reduction in 
the push-off force, consistent with the subjects trying to stop prematurely 15. In addition, the 
double support and stance phase of the perturbed step were shortened and the contralateral 
leg was loaded prematurely. The rapid unloading of the perturbed leg may have been caused 
largely passively by the forward propulsion of the body, but may also reflect a safety driven 
mechanism to remove the body mass from the perturbed leg. The increased forward motion 
might contribute to a loss of balance when the corrective responses are insufficient.
The shortening of the stance phase duration of the perturbed leg was most pronounced 
in the first unexpected step-down, which most closely resembles an unexpected step-down in 
everyday life. The push-off force of this trial was smaller compared to the subsequent trials in 
6 of the 11 subjects as well. Apart from the first trial, there were no trial sequence effects. Loss 
of balance was not observed, but the step down was only from a small height (5 cm) and the 
subjects were young and healthy. When missing the last staircase of conventional stairs (14 
cm), one might expect larger instability.  
Although forefoot landings could occur both with and without awareness of the step-
down, there were some important differences in the execution of this type of landing. In the 
unexpected condition, the ankle plantar flexion started later and kinematic differences were 
smaller. When aware of the step-down, the support surface was approached with more care by 
making bilateral adjustments. On the contralateral side, subjects lengthened the contralateral 
stance phase. On the ipsilateral side, subjects adjusted the way the foot was placed. The ankle 
was more plantar flexed, resulting in an increased number of combined and forefoot landings. 
The combined landing provided the nervous system with an increased amount of sensory 
information from the foot-sole, which may have facilitated maintaining stability. These findings 
are suggestive of a generalised cautious gait pattern, which is also observed in subjects who 
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have to step down with blurred vision 11, and in subjects who are aware of an upcoming slip 
10,  16-18. It is also a strategy that effectively absorbs the gravitational energy at foot contact 
by eccentrically contracting the calf muscles 7, 19. However, increased plantar flexion at foot 
contact is also a known risk factor for ankle sprains, and frequently observed in people with 
chronically unstable ankles 12, 13, 20. Despite the risk for ankle instability, subjects in the current 
study were very prone towards using a forefoot or combined landing when they were aware 
of the step-down (76%). Apparently, the increase in efficiency and dynamic stability overrules 
the increase in ankle instability when stepping down a 5-cm gap. 
Variability in foot placement characteristics
The effect of prior knowledge about the step-down appeared to be subject-specific. Some 
subjects were very rigid in their step execution and landed heel first in both step-down 
conditions, others made a clear switch in foot placement when aware of the step-down. In 
accordance with Freedman and Kent, we found that the threshold for movement switching 
was indistinct, since half of the subjects used more than one type of foot landing in both step-
down conditions 6. This suggests that other factors were involved that determined whether 
subjects used a forefoot, heel or combined landing in a given situation. Habituation was 
not one of these factors, since the trial number had no influence on foot landing in both 
the unexpected and the expected situation. The subjects who performed multiple types of 
foot landing within one condition usually had a strong preference for one strategy, which 
was occasionally interrupted by a different landing strategy. Since all subjects wore similar 
gymnastic shoes, the material properties of the shoe sole and the friction between the shoe 
sole and the surface of the walkway were equal and could not have induced the differences 
in foot placement. It is suggested that subjects have an individual preference for a type of 
foot placement that is dependent on trial-specific features, such as small changes in posture 
when the step-down is initiated and the body starts propelling forward. Better knowledge of 
such differences in foot landing will be critical to understand the mechanisms leading to falls 
in subjects with balance and gait impairments.
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Hitting a support surface at unexpected height during walking induces loading transients
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Abstract   
The impact phase during walking is sometimes characterised by 
an early loading peak, termed ‘transient’, followed by a brief decline 
in the force profile, termed ‘unloading phase’. It was hypothesized 
that transients occur more frequently when subjects are unaware 
of the landing condition, and that the unloading phase represents 
a yield of the leg. This was tested experimentally by introducing 
an unexpectedly lowered or level support surface height during 
walking. Furthermore, associations between the unloading phase 
and type of foot placement, load-rate, kinesiology and centre of 
pressure were investigated. 
The transient occurred more frequently when subjects 
were unaware of the surface height. The amplitude of unloading 
was higher in flatfooted (combined), as compared to heel and 
toe landings. The percentage of combined landings, as well as 
the amplitude and duration of unloading were highest in the first 
unexpected level trials (UL1) and gradually decreased in the 
subsequent level trials, when subjects adapted to the situation. 
Following the UL1 unloading phase, the foot roll-off was halted, 
the ipsilateral knee flexed, the onset of the contralateral swing 
phase was delayed, and the double support phase increased. 
The unloading amplitude correlated significantly with the load-
rate and knee flexion. 
It is concluded that an unexpected surface height 
frequently induces an early stance transient that is followed by an 
unloading phase, flexion response and halt in foot roll-off. These 
characteristics deserve further study in the context of the frequent 
falls induced by uneven surfaces during walking.
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Introduction
Loading plays an important role in the regulation of gait 1. At the moment of foot contact, the 
body mass has to be transferred smoothly in order to ensure stability and prevent injuries 1, 2. 
However, a smooth transition does not always occur. In the latter case, the force profile in the 
first 50 ms following landing is characterized by a peak, also termed ‘transient’ (see Fig. 1). 
These transients have been described in walking 3-5, running 6-8 and landing from jumps 7-10. The 
height of the transient depends on the amount of shock absorption at foot contact such as 
provided by footwear 3-5,  7,  8, 10  the material of the landing surface 8, 11, 12 and the speed with 
which the foot hits the support surface 7, 8, 13-15. An important element to manage the impact 
force is limb architecture. Flexing the knee reduces the rigidity of the leg and thereby facilitates 
shock absorption 2, 8, 9, 13-18. Furthermore, landing on the forefoot has been shown to reduce 
the transient by enabling energy absorption through eccentric contraction of the plantar flexor 
muscles 11, 16, 17. The transient has also been associated with inappropriate muscle activity 
preceding foot contact, both during normal gait 5 and as a consequence of physical fatigue 
during running 6. 
In addition, mental factors may attribute to the transient, in particular the awareness 
of the level of the support surface. The transient has previously been associated with delayed 
muscle activity after landing from an unexpected jump 19. Therefore, it is hypothesized that the 
occurrence of a transient during gait may be facilitated by landing on an unexpected level of 
support, due to a mismatch between the produced and required muscle force at the moment 
of impact. Such conditions were recently imitated with subjects stepping on a surface that 
was either lower or higher than expected 20. It was found that the muscle activity preceding 
foot contact indeed differed from trials with an expected moment of landing. In addition, the 
unexpected landing induced changes in foot placement and speed of loading. Therefore, type 
of foot placement and speed of loading are possibly associated with the transient as well.
The transient is followed by a brief decline in the force profile, termed ‘unloading 
phase’ (Fig. 1). Unloading phase characteristics have not received much scientific attention 
thus far. In accordance with hopping experiments on an unexpectedly stiff surface, which 
has shown a yield of the leg 23, we hypothesize that the unloading phase is a reflection of a 
temporary giving way of the leg, possibly associated with a loss of stability. Such a temporary 
loss of balance may lead to the recurrent outdoor falls in elderly subjects 21 and neuropathy 
patients 22, that have been observed due to stepping on uneven surfaces. Since the unloading 
phase has not been studied thus far, this paper focussed on a homogeneous sample of 
healthy young adults.
In summary, the awareness of the level of support has hardly been studied with 
respect to a transient, neither have the biomechanic consequences. Therefore, we studied the 
prevalence of the transient following an unexpected support surface height during walking, and 
secondly, possible determinants for the amplitude and length of the unloading phase, such as 
type of foot placement, level of unexpectedness and initial load-rate. Thirdly, we investigated 
associated changes in the centre of pressure trajectory and lower limb kinesiology. 
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Methods
Subjects
Twelve young adults (5 male) participated (mean ± SD: age 24 ± 3 yrs, height 1.76 ± 0.12 m, 
body mass 67 ± 13 kg). None of the subjects had a neurological or musculoskeletal disease. 
The experiment was approved by the regional ethics committee. All subjects gave their 
informed consent.
Experimental	set-up	and	Instrumentation	
Subjects walked on a walkway that ended on a gravity driven platform of 1 square meter that 
could be unexpectedly lowered by 5.0 cm (see Fig. 1A of chapter	3) 24. Step cadence was 
successfully standardized by the use of a metronome, set at 1.5 Hz. Subjects wore glasses 
that blocked the lower part of their visual field to deprive them from visual information about 
the condition of the ground surface. The partial visual occlusion forced subjects to walk more 
cautiously (increased double support phase duration, reduced push-off force).  
To control head position, subjects were instructed to look at a marker on a wall straight 
ahead. In between the trials, distracting noise of falling platforms was played over earphones, 
to prevent the subjects from hearing the lowering of the platform. The gravity driven platform 
embedded a footscan pressure plate (RsScan International ®, Olen, Belgium, 500 Hz) to 
determine the area of first foot contact, the location of the centre of pressure (COP, see also 
Fig. 1C of chapter	3) and the vertical ground reaction force (vGRF, see Fig. 1). All subjects 
wore appropriately sized gymnastic shoes with leather soles that had little shock absorbing 
properties. Heel and toe contact were measured bilaterally by footswitches (designed in 
collaboration with Algra Fotometaal b.v., Wormerveer, The Netherlands) that were placed on 
insoles in the gymnastic shoes to calculate step cycle timing. Electrogoniometers were placed 
laterally on both knees and the right ankle, to measure the joint angles. 
Protocol
Subjects started the protocol with 10 trials of expected level walking (EL, expected level). 
The following series consisted of unexpected trials and was preceded by the warning that the 
platform might be lowered during any of the upcoming trials. In this series, the platform was 
Figure 1. Vertical ground reaction force profile (vGRF) 
illustrating the transient, and the amplitude and duration of 
the unloading phase (shaded area). The unloading phase 
was defined as the period from the start of the decline until 
the onset of the ensuing incline in the vGRF curve.
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unexpectedly lowered 9 times (UD, unexpected down; UD 1, 2, 3 etc). Each UD was followed 
by 8 - 10 trials of unexpected level walking (UL 1, 2, 3 etc) to study the effect of a UD trial 
on the subsequent trials on a level surface. The exact number of UL trials varied between 8 
and 10 to prevent the subjects from being able to predict the next UD. In the last part of the 
experiment, the subjects performed 10 expected step-down trials (ED, expected down) after 
they were told that the platform would always be down. 
Data	analysis
Based on the area of first foot contact, three types of foot placement were identified: a 
heel, forefoot and combined landing. The COP was analysed in a foot reference space and 
normalized according to the subjects’ foot width (lateral direction) and foot length (forward 
direction). The y-axis was placed over the medial part of the heel and the head of the second 
metacarpal bone, such that the y-axis was in the forward direction of foot roll-off. The x-axis 
(lateral direction) was perpendicular to the y-axis and placed at the posterior edge of the heel. 
The vGRF data were normalized with respect to the subjects’ body mass (BM) and scaled to 
the total stance phase duration. The ascending flank of the vGRF curve frequently showed a 
transient (Fig. 1). The unloading phase that followed the transient was defined as the period 
from the start of the decline until the onset of the ensuing incline in the vGRF curve. The 
decline had to persist in at least 3 consecutive samples. It was quantified in height (amplitude 
(% of BM)) and length (duration (% of stance)). The initial load-rate was calculated in % BM/
ms over the first 30 ms after initial contact. To study the effect of the transient on foot roll-
off, the shift in the position of the COP was calculated for 2 time windows according to the 
following formula: ∆ COP = COP (t2) – COP (t1)  [t2 = end, t1= start of time window].
Statistical analysis
The level of significance was set at p < 0.05. The effects of experimental condition, type of foot 
placement and trial sequence (independent variables) on the prevalence of the transient, and 
on the amplitude and duration of the unloading phase (dependent variables) were tested with 
repeated measures ANOVA’s with Bonferroni post-hoc comparisons. Paired sample t-tests 
were used to compare the unexpected level with the expected level walking condition. One-
sample t-tests were used to estimate whether the kinesiology bins were significantly different 
from zero. The associations between unloading amplitude and initial load-rate and knee angle 
were determined with Spearman correlation coefficients (p = 0.05/√2 = 0.035, to correct for 
the number of correlations that were calculated).
Results 
Prevalence	of		transients	and	unloading	phase	characteristics
Figure 2A illustrates the average vertical ground reaction force profile (vGRF, N=12) for all 
experimental conditions. The average vGRF profile of the UL condition showed the most 
pronounced transient and unloading phase. Small irregularities in the ascending flanks of the 
UD and ED condition were observed as well. Single-trial analysis revealed that the transients 
were observed in all experimental conditions but occurred most frequently when subjects 
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were unaware of the support surface condition (Fig. 2B; UD, UL). For the first unexpected level 
trials after an unexpected step-down, the percentage was highest (UL1 = 98%; not illustrated). 
      
Figure 2. (A) Averaged vertical ground reaction force profiles (vGRF, N=12) for all experimental conditions (Expected 
Level, EL; Unexpected Level, UL; Unexpected Down, UD; Expected Down, ED). The average vGRF profiles were based 
on subject averages, including 4 trials per condition. (B) Prevalence of the transient for all experimental conditions, 
based on single-trial analysis. (C) Average amplitude of the unloading phase for all experimental conditions, stratified 
according to type of foot placement, based on single-trial analysis. Error bars represent standard error of the mean. * p 
< 0.05, ** p  < 0.001
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The transient was followed by an unloading phase (see Fig. 1). One potential factor 
influencing the amplitude of this unloading phase was the type of foot placement. From figure 
2C it appears that the amplitude of unloading was significantly higher in the combined, as 
compared to the heel and forefoot landing in the UL, UD and ED condition. In the EL condition, 
all trials showed a heel landing. 
To study the influence of expectations of the surface height on foot placement and 
unloading phase characteristics, the unexpected level trials were stratified according to trial 
number. As illustrated in figure 3A, combined foot landings occurred most frequently during 
the first unexpected level trial (UL1 = 32%) and gradually decreased during the subsequent 
UL trials (UL 2, 3, 4, etc; linear trial effect: F1,23 
 =  5.0, p = 0.036). 
Figure 3. Early stance characteristics for the EL and UL condition, the latter ranked according to UL trial number (N=12). 
(A) Average percentage of combined foot landings. (B) Average amplitude of the unloading phase. (C) Average duration 
of the unloading phase. Error bars represent standard error of the mean.
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 A similar trial effect was found for the amplitude and duration of the unloading phase. 
They were largest during the first UL trial and gradually decreased during the subsequent UL 
trials (linear trial effect for amplitude F1,10 = 31.0, p < 0.001 and duration F1,10 = 18.1, p = 0.002; 
see Fig. 3B, C). Although the amplitude and duration of unloading gradually decreased, they 
remained higher as compared to the EL condition when subjects were aware of the support 
surface height and always landed on their heel (UL 9 vs EL; amplitude p = 0.025, duration p = 
0.083).  
 
Kinetic changes associated with the unloading phase
Since the transient occurred most consistently in the UL1 condition (98% of the trials), the UL1 
condition was compared with the EL condition to evaluate the changes in kinetics, associated 
with the unloading phase. The unloading phase in the UL1 condition occurred at, on average, 
40-78 ms after foot contact, which corresponds to 5-10% of stance. During this period of 
early stance, no significant differences were observed in the shift of the position of the centre 
of pressure (∆ COP) in either the forward or lateral direction (Fig. 4, left). In contrast, during 
the subsequent time period of early- to mid-stance (10-50% of stance), both the forward and 
lateral COP movements were greatly reduced in the UL1 as compared to the EL condition 
(Fig. 4, right: paired t-test; forward p < 0.001, lateral p < 0.001).
Figure 4. Shift in the position of the centre of pressure (∆ COP) in forward (top) and lateral (bottom) direction for the 
unexpected level walking (UL1) and expected level walking (EL) condition (N=12). Left ∆ COP during early stance (= 
COP (t = 10% of stance) – COP(t = 5% of stance)). Right	∆ COP during early- to mid-stance  (= COP (t = 50% of stance) – COP (t= 10% of stance)). 
Error bars represent standard error of the mean. * p < 0.05. 
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The load-rate and kinesiology of both conditions were compared next. The UL1 trials 
were characterized by a higher initial load-rate (UL1 1.76 vs EL 1.44 % BM/ms (N=12), p = 
0.02; see also Fig. 5, top). The load-rate correlated positively with the amplitude of unloading 
(r = 0.532, p < 0.001). In accordance with the increased amount of combined foot landings in 
the UL1 condition, the ipsilateral ankle (iAN) showed increased plantar flexion, starting prior 
to initial contact and lasting until 100 ms after contact (see Fig. 5, left).
Figure 5. Joint angle trajectories for the UL1 (black) and EL (grey) condition. The shaded vertical area represents the 
unloading phase. Top: vertical ground reaction force (vGRF) of a typical subject (N=1) with an average unloading of 
15% of BM. Middle: joint angle trajectories of the ipsilateral ankle (iAN), ipsilateral knee (iKN) and contralateral knee 
(cKN). The average of the control trials (EL) was subtracted from the average of the UL1 trials (UL1 - EL, N = 1). Bottom: 
Subtracted joint angles averaged across bins of 10 ms for the whole population (mean (UL1 - EL), N=12). Error bars 
represent standard error of the mean. * = bins that are significantly different from zero (p <0.05). BM= body mass, IC 
= initial contact, cTO = contralateral toe off, PF = plantarflexion, F = flexion. Note that the cTO in UL1 is 35 ms later as 
compared to EL.
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Starting at 70 ms after initial contact, the ipsilateral knee (iKN) showed extra flexion 
in the UL1 condition (Fig. 5, middle). The maximum increase in knee flexion during the first 
200 ms following initial contact correlated significantly with the unloading amplitude (r = 
0.362, p = 0.007). On the contralateral side, the main effect was a prolonged extension of 
the contralateral knee (cKN, Fig. 5, right). Consequently, the onset of the contralateral swing 
phase showed a 35 ms delay while the duration of the double support phase increased from 
142 ms (EL) to 177 ms (UL1, p = 0.002).
Discussion 
The aim of the present study was to identify the prevalence, determinants and consequences 
of the early loading transient and unloading phase during walking. The loading transient was 
observed in all experimental conditions, but occurred most frequently when the subjects were 
unaware of the level of the support surface. The occurrence of the transient was particularly 
high in the first trial of level walking after an unexpected step-down (UL1, 98%). The transient, 
as described here, has been reported by others as well, but so far the phenomenon was 
mostly related to factors that contribute to shock absorption at foot contact, such as shoe 
and surface properties, and physical fatigue 3, 4, 6-8, 10-12. These factors were controlled for in 
the current experiment, since all of the healthy young subjects wore identical shoes and 
performed the same protocol. 
The transient was followed by a brief unloading phase. One factor influencing the 
amplitude of this unloading phase appeared to be the type of foot placement. The amplitude 
was largest following a combined (flatfooted) landing. Presumably, the ability to smoothly 
absorb energy by eccentric contraction of the ankle plantar- or dorsiflexors, such as normally 
observed in heel and toe landings, is impaired in this position 14, 16, 17. In a previous study, 
reduced activity of the dorsiflexors prior to foot contact was indeed found in the unexpected 
level walking condition 20.
A second influence on the unloading phase characteristics appeared to be the level of 
awareness of the surface height. It was shown that the percentage of combined foot landings, 
and the amplitude and duration of unloading gradually decreased during the 9 trials of level 
walking following an unexpected step-down. Presumably, anticipation about a next possible 
step-down decreased as subjects gradually adapted to the situation. It has been shown 
previously in slipping and obstacle avoidance experiments that expecting a perturbation 
affects gait characteristics 25, 26. The fact that the unloading phase was still present during the 
ninth unexpected level trial suggests that the unexpected step-down had a long ‘after-effect’ 
in that the subjects kept scaling their limb architecture to the threat of the lowered support 
surface, resembling after-effects as described by others, for example, as a result of stepping 
on a moving slid 27-29. 
A third influence on the unloading amplitude appeared to be the speed of loading. 
Load-rate correlated significantly with the amplitude of unloading, indicating that a higher speed 
at impact induced a larger unloading. The speed at impact has previously been associated with 
the transient in studies of running and landing from different heights 7, 8, 13-15. This is the first study 
to show that the load-rate is also associated with the amplitude of unloading during walking. 
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Finally, the kinetic changes associated with the unloading phase were studied, by 
comparing unexpected with expected level walking. In the period following the transient 
and unloading phase (early- mid stance), the forward and lateral COP movements in the 
unexpected level walking condition were greatly reduced, indicating that subjects halted 
their normal foot roll-off. Furthermore, the ipsilateral knee flexed, while the contralateral knee 
remained in extension. As a consequence, the onset of the contralateral swing phase was 
delayed and the duration of the double support phase increased. The significant correlation 
between the ipsilateral knee flexion and the amplitude of unloading indicates a positive 
association between unloading amplitude and yield of the leg. Such a yield of the leg has 
been observed after landing on an unexpectedly stiff surface during hopping as well 23, but not 
following an unexpected step-down 20, 30. 
As to the functional implications of the present data, it is worth mentioning that the 
amplitude of the unloading phase was relatively large (54% of BM in UL1 for one of the 
subjects). However, loss of balance was never observed. From a previous study it appeared 
that the healthy young subjects initially generated a flexion response that was followed by a 
rapid co-contraction of the upper leg muscles 20. This could be very different for some elderly or 
patients, however, for whom the unloading and associated yield of the leg might pose a threat 
to stability. Since stepping on an uneven surface has been identified as the most common 
cause of falls in the elderly 21 and in neuropathy patients 22, further research is warranted to 
fully understand the impact of early stance transients on stability during gait in these and other 
patient groups.
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Muscle reflexes and synergies triggered by an unexpected support surface height 
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Abstract 
An important phase in the step cycle is foot contact. When the 
moment of foot contact differs from the one expected, a fast 
response is needed. Such a mismatch can be caused by hitting 
a support surface earlier or later than expected. To investigate 
this, experiments were performed with healthy young adults who 
walked on a platform that was unexpectedly at a lowered (5 cm) 
or at a level height. Glasses blocked the lower visual field. In the 
unexpectedly lowered trials, the absence of expected heel contact 
triggered responses in the ipsilateral anti-gravity (MGi, RFi) and 
contralateral flexor muscles (TAc, BFc) with latencies of 47-69 ms. 
Following the delayed heel contact, enhanced activity was found 
in the MGi, RFi and TAc muscles. This specific muscle synergy 
was presumably activated to arrest the forward propulsion of the 
body. In contrast, when the surface was unexpectedly at level 
height, the subjects expected to step down and the leg briefly 
yielded. A muscle synergy was activated at 46-81 ms that flexed 
the ipsilateral knee (TAi, BFi, RFi) and extended the contralateral 
one (MGc, BFc) in order to unload the perturbed leg and delay 
the contralateral swing phase. Both conditions triggered a fast 
functionally relevant muscle synergy due to a mismatch between 
the expected and actual sensory feedback at the moment of foot 
contact. The results are consistent with an internal model that 
compares the expected with the actual sensory feedback. The 
short latency of the response suggests a subcortical, possibly 
cerebellar pathway.
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1. Introduction 
When walking in a natural environment, ground conditions are constantly changing. One of the 
most successful models in motor control is based on the idea that we continuously compare our 
internal model of movement with the actually produced one and use the error signal to adjust 
the motor output 1. Can we use such a model to understand how we ambulate over ground 
conditions that are constantly changing? An important part within the step cycle is the moment 
of touchdown since at that point one has to match the leg stiffness with the characteristics of the 
ground surface. If there is a mismatch, the central nervous system has to react. The mismatch 
at the moment of touchdown can be caused by hitting the support surface earlier or later than 
expected. The involved processes have been studied most extensively during jumps or falls 
from various heights. The usual strategy is to activate support muscles prior to landing. Most 
stiffness at landing is caused by pro-active, centrally organized anticipatory muscle activation, 
which is timed to the expected instant of touch down 2. The anticipatory muscle activation is 
also scaled to the expected stiffness of the landing surface 3. If the touchdown is earlier than 
expected, the leg is not sufficiently stiff and the leg yields 4. This brief yield of the leg appears 
to be related to reduced muscle activity of the quadriceps and tibialis anterior muscles before 
foot contact during walking. When hopping on an unexpectedly stiff surface, the ankle and 
knee become more flexed after landing because the extensor activations prior to landing were 
insufficient 5. After foot contact, however, leg muscle activations occur with latencies of 68-188 
ms, thereby restoring leg stiffness. 
 If foot contact occurs later than expected, reflex activity after foot contact enhances. 
In drop falls through a false platform, the post-landing reflex component increased when the 
interval between the false and solid floor was at least 50 ms 6. The short interval needed 
to induce the corrections indicated that the reactions might be mediated subcortically. Do 
similar mechanisms operate when an unexpected surface height is encountered during 
walking? When a cat steps in an unexpected hole, there is an absence of loading at the 
expected moment of touchdown. As a consequence, there is a short latency silencing of 
ongoing extensor muscle activity 7. This supports the contention that load provides reinforcing 
feedback during the stance phase of walking 8, 9. Grey et al. 10 described results that closely 
resemble the cat data, with a decrease in extensor activation occurring shortly after the onset 
of unloading during midstance caused by an induced plantarflexion movement of the ankle. In 
humans, the importance of load feedback during gait has been emphasized by other authors 
as well 11, but the corrective responses to an unexpected step down or sudden loss of ground 
support have only recently been examined. 
 Several studies have used a platform, which dropped after foot contact. In a study 
by Nakazawa et al. a platform dropped 1 cm after the vertical component of the subject’s load 
had reached 60% of body weight 12. Marigold and Patla studied the response to a step on 
an unexpectedly compliant surface with a drop in ground support of ~ 2 cm 13. Furthermore, 
Nieuwenhuijzen et al. have investigated steps on an inverting platform, which also lowered 
the ground support surface but in a medio-lateral direction only 14. All these studies found 
long-latency muscle responses (later than 100 ms) in a range of lower limb muscles that 
could stabilize the ankle. In contrast to the cat experiments, the individuals made contact with 
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the support surface before and during the lowering of the surface, thereby providing afferent 
feedback. Furthermore, it is questionable whether a 1-2 cm drop in ground support is sufficient 
to compare to the cat ‘foot-in-hole’ studies. Therefore, the following questions were asked 
in order to identify the responses of healthy subjects to an unexpected change in support 
surface height during walking: 
(i) Does the absence of expected load feedback in an unexpected step-down trigger 
fast reflex activity? 
(ii) Does stepping down unexpectedly result in enhanced post-landing muscle activity 
compared to stepping down expectedly? 
(iii) Does an unexpectedly high support surface result in fast reflex activity to 
compensate for the premature onset of loading?
 To answer these questions, subjects stepped down and onto a level surface, both 
with and without awareness of the surface height. The conditions can be characterized by 
three important time periods: (1) prior to expected foot contact, (2) between expected and 
actual foot contact, (3) post-landing. In the case of an unexpected step-down, the subjects 
approach the surface without awareness of the surface condition (period 1). The absence of 
expected foot contact is likely to trigger an error signal prior to the actual foot contact (period 
2), followed by a delayed foot contact, which may induce enhanced post-landing activity 
(period 3). To test this paradigm, the unexpected step-downs are studied under two contexts; 
first with respect to unexpected level walking, and second with respect to stepping down 
expectedly. In unexpected level walking, the subjects are not aware of the support surface 
condition. Therefore, the surface is approached similarly as in the unexpected step-down 
condition. As a consequence, the pre-programmed anticipatory muscle activity prior to the 
moment of the expected foot contact is the same. This allows us to determine the exact onset 
latency and muscle synergy triggered by the absence of the expected load feedback in order 
to answer question (i). This comparison is analogue to the comparison used in the cat ‘foot-in-
hole’ experiments.  
 In the second comparison the physical conditions of the task are the same (step-
down), while the level of expectancy differs. This allows us to answer question (ii); whether 
post-landing muscle activity (period 3) is enhanced as a consequence of the unexpectedness 
of the step-down. To answer question (iii), unexpected level walking is compared with expected 
level walking. In unexpected level walking, subjects are expecting a step-down (period 1). 
Hence, their preparation of a step-down is interrupted by a foot contact that arrives earlier than 
expected. This allows us to study the effects of premature onset of loading on post-landing 
reflex activity (period 3).
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2. Methods
Subjects
Twelve young adults (5 male) participated in the study (mean ± SD: age 24 ± 3 yrs, height 1.76 
± 0.12 m, body weight 67 ± 13 kg). None of the subjects had a neurological or musculoskeletal 
disease that could affect the behavioural responses. The experiment was performed in 
accordance with the Declaration of Helsinki and approved by the regional ethics committee.
Experimental	set-up	and	Instrumentation	
The experimental set-up is shown schematically in figure 1A. It consisted of a 2.6 m long 
wooden walkway ending on a gravity driven platform of 1 square meter, supported at each 
corner by two electromagnets 15. By releasing the electromagnets, the platform could lower 
the ground support surface by 5.0 cm. Subjects were instructed to walk 4 steps, starting with 
their right foot, and then come to a full stop with their feet placed next to each other. The third 
step, with the right foot, was the step on the platform. This step is referred to as ipsilateral 
(i). The step prior to the step on the platform, with the left foot, is referred to as contralateral 
(c, see Fig. 1A). All subjects wore a safety harness attached to the ceiling. Furthermore, 
subjects wore glasses that blocked the lower part of their visual field to deprive them from 
visual feedback of the platform position. During the trials, subjects were instructed to look at 
a marker on a wall straight ahead, to control for head position. Step length and cadence were 
standardized by foot placement instructions and the use of a metronome. Subjects performed 
several practice trials to become familiar with the correct foot placement and cadence prior to 
data collection.
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Figure 1. Methods. A: Experimental set-up. The step on the platform is referred to as ipsilateral (i) and the preplatform 
step as contralateral (c). B: moment of expected heel contact (EHC) as measured by an interruption in the infrared signal 
(IR). Moment of actual heel contact (AHC) was measured by footswitches placed on insoles in the subjects’ shoes. 
Simultaneously, force transducers under the platform measured vertical ground reaction force. C: schematic overview of 
the experimental definitions and protocol.
Surface electromyography (EMG) activity was recorded bilaterally from the tibialis 
anterior (TA), medial gastrocnemius (MG), rectus femoris (RF) and biceps femoris (BF) 
muscles. The skin of the subject was shaved and treated with scrubgel and alcohol to reduce 
the skin impedance to a value below 10 kOhm. Two electrodes (Conmed, children’s ECG, 
2.0 cm diameter) were placed adjacent to each other (interelectrode distance of 2.0 cm) 
on the centre of the muscle belly, in parallel with the direction of the muscle fibres. Signals 
were pre-amplified (x 104- 105), full-wave rectified, low (300 Hz) and high-pass (3 Hz) 
filtered. Electrogoniometers (home-made potentiometers) were placed on the lateral part of 
both knees and the right ankle to measure the joint trajectories. Heel and toe contact was 
measured by footswitches (designed in collaboration with Algra Fotometaal b.v., Wormerveer, 
The Netherlands) that were placed on insoles in gymnastic shoes. Force plates (Dtaxe 
Weighing system, type 104A) were placed underneath the four corners of the platform. The 
steep increase in the force signal closest to the right foot followed the footswitch signal by on 
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average 7.4 ms, presumably due to damping (Fig. 1B). When the footswitch data was missing, 
the force signal was used for determining the moment of actual foot contact (AHC), taking into 
account the 7.4 ms delay. In the case of an unexpected step-down, foot contact did not occur 
at the expected moment. The timing of expected heel contact (EHC) was measured by an 
infrared system, consisting of two horizontal transmitters and receivers, placed at level height 
(see dashed arrow, Fig. 1B). All signals were recorded from 1 s prior to 2 s after heel contact of 
the contralateral step, as was detected by a force-sensitive trigger that was embedded in the 
wooden walkway. All data was sampled with a frequency of 1 kHz. Data was analog-to-digital 
converted and stored for further off-line analysis. An RSScan pressure plate that was placed 
on the platform, was used to detect the area of first foot contact (RsScan International ®, Olen, 
Belgium; 0.4 x 0.5 m, 2 sensors/ cm2, 500 Hz).
Protocol	
The experimental definitions and protocol are schematically illustrated in figure 1C. The series 
of trials were divided in two categories: expected (E) and unexpected (U). The U trials were 
preceded by the warning that the platform might be lowered 5 cm during each of the following 
trials. Strictly speaking, the lowered platform trials were not 100% unexpected, since the 
subjects were aware of the possibility of a lowered platform. Nevertheless, this terminology 
was used to distinguish these from the second group, the expected trials (E). In the latter trials 
the subjects were told beforehand whether the platform was lowered or not. Hence we use the 
labels E and U in the sense of <aware> and <unaware>, but we prefer the expectancy label 
(E, U) because it better describes the anticipatory state of the subjects, which was the topic of 
the present study. Furthermore, the trials received a second label since they were also divided 
in two categories based on the physical condition of the landing surface. The level trials were 
termed level (L), the lowered platform trials were termed down (D). 
Subjects started the protocol with 10 trials of expected level walking (EL, expected 
level). Next, the platform was unexpectedly lowered 9 times (UD, unexpected down, hence 
UD 1, UD 2, etc.) in a series in which each UD was followed by 8 - 10 trials of level walking 
(UL, unexpected level, hence UL1, UL2, etc.). The exact number of UL trials varied to prevent 
the subjects from being able to predict the next UD trial. In the last part of the experiment, 
the subjects performed 10 expected step-down trials (ED, expected down). All UL trials were 
intrinsically unexpected, since the subjects were always in anticipation of a possible down 
trial. However, the level of anticipation differed within the series of UL trials. The first UL 
trial after a UD (UL1) was characterized by a strong expectation of another step-down. This 
induced a brief yield of the leg at the moment of foot contact, as was characterised by a short 
unloading phase. Hence, the UL1 trials represent the level walking trials where subjects were 
most biased towards expecting a step-down. Therefore, they were grouped separately for 
further analysis on the concomitant EMG responses. In the subsequent UL trials, the subjects 
gradually adapted, which was characterised by a decrease in the amplitude and duration 
of the unloading phase. During the UL ≥ 7 trials the duration of the unloading phase was 
significantly decreased compared with the UL1 trials, whereas it was still increased compared 
with the EL trials. Apparently, the walking pattern of the subjects had stabilized and was no 
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longer strongly biased towards expecting a step-down. However, this walking pattern was still 
slightly different from expected level walking. Because of these two reasons, the trials UL ≥ 7 
were selected as control trials to compare with the UD condition (UD-UL). 
Data	analysis
The EMG data of all subjects were normalized with respect to the maximum EMG that 
was measured during a UL ≥ 7 trial. Maximum EMG was determined for each muscle, by 
calculating a moving average over a window of 30 ms. The responses of the UD trials were 
investigated with regard to two conditions, UL and ED. For the first comparison, UD-UL, the 
data were aligned such that the expected heel contact of the UD trials (EHC) coincided with 
the actual heel contact (AHC) of the UL trials. For the second comparison, UD-ED, the data 
of both conditions were aligned at the moment of actual heel contact (AHC). The amplitude of 
the difference in EMG activity was calculated by a subtraction method. For each subject, the 
average normalized EMG data of the UL and ED trials (for the first and second comparison, 
respectively) was subtracted from the average of the UD 2-9 trials. The subtracted data was 
divided in 29 bins of 10 ms, starting at EHC of the UD trials and AHC of the UL trials. The EHC 
of the UD trials was on average 90 ms prior to AHC. Afterwards, the muscle activity per bin 
was averaged for all subjects. 
The onset latency of the EMG responses was determined by visual inspection. For 
each subject and muscle, the mean of the UD trials was plotted together with the mean ± 2SD 
of the UL condition. For graphic use only, the EMG trials were filtered (zero-lag, second order 
Butterworth filter, low-pass 50 Hz). Using a custom-made MATLAB program, onset latencies 
were determined by placing a cursor at the moment where the UD curve exceeded the mean 
± 2SD of the UL curve for a period of at least 30 ms. Afterwards, group averages of the onset 
latencies were calculated for all muscles. As appeared from analysis of the landing strategies, 
subjects occasionally landed flatfooted or on their forefoot instead of with their heel first in the 
UD condition. Nevertheless, the heel landing was the most commonly used strategy (72.5%). 
Therefore, only heel landings were selected for further analysis. 
Statistical analysis
To verify if the average EMG amplitudes of the 10 ms bins were significantly different from 
zero, multiple one-sample t-tests were performed. A one-way ANOVA was used to test whether 
the onset latencies differed across muscles and whether the onset latencies of the first trial 
differed from the onset latencies of the subsequent trials. An alpha level of 0.05 was chosen 
for the level of significance.
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3. Results
All subjects successfully performed the test protocol. In some trials, subjects unexpectedly 
stepped down, leading to a delay in the moment of foot contact. This will be elaborated on in 
section 3.1 and 3.2. At other times, the surface was unexpectedly at level height, leading to 
a premature onset of loading, which will be described in section 3.3. The average normalised 
EMG responses of a typical subject are illustrated in figure 2 for all experimental conditions. 
The most striking result was the large increase in muscle activity in the UD condition. The 
absence of foot contact at expected heel contact (EHC, dashed line) substantially increased 
the activation of several ipsilateral and contralateral muscles around actual heel contact 
(AHC, solid line). To determine the exact onset of this muscle activity, the UD condition was 
compared with the UL condition. In both of these conditions, the subjects were unaware of the 
height of the support surface. Therefore the support surface was approached similarly and the 
pre-perturbation EMG activity was the same.
3.1	Does	the	absence	of	expected	load	feedback	in	an	unexpected	step-down	trigger	fast	
reflex	activity?	
The reflex activity as a consequence of stepping down unexpectedly was studied by comparing 
the UD with the UL condition. Illustrated in the upper left panel of figure 3 is the average MGi 
activity in the UD and UL condition for one subject. At the moment of EHC, the subjects’ pre-
programmed muscle activity was similar for both conditions. In contrast, a large increase 
in MGi activity could be observed well before AHC. To further explore this difference, the 
EMG responses of both conditions were subtracted from each other and averaged for the 
whole population. The absence of foot contact at EHC induced reflex activity in the ipsilateral 
antigravity muscles (MGi, RFi) and contralateral flexor muscles (TAc, BFc), well before AHC 
(see horizontal grey bars, Fig. 3). Simultaneously, there was a slight but significant decrease 
in the BFi activity. The decrease was the result of silencing of the BF activity that usually 
occurred soon after AHC, as was the case for the UL trials. The onset latencies ranged from 
47- 69 ms after EHC (see arrows in Fig. 3), which corresponds to 21- 43 ms prior to AHC. The 
onset latencies did not differ significantly from each other. Nevertheless, a general pattern 
was observed. The MGi, BFi, TAc and BFc muscles showed the first responses at 47- 57 ms 
after EHC, followed by the RFi at 69 ms after EHC. In most subjects, the RFc was activated 
as well, with an average onset of 69 ms after EHC. Due to a larger variability between the 
subjects, this response did not reach the level of significance for the whole group, except for 
the very late part of the response. The extra muscle activity continued for at least 200 ms in all 
ipsilateral muscles, and to a lesser extent in the contralateral muscles. 
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Figure 2. Average EMG amplitude of subject GE for the medial gastrocnemius (MG), tibialis anterior (TA), rectus femoris 
(RF), and biceps femoris (BF) muscles. Shown are conditions expected level (EL), unexpected level (UL ≥ 7), expected 
step-down (ED) and unexpected step-down (UD 2–9). Each trace represents the average ± 2 SD of the EMG of 10 trials 
(8 trials for the UD condition). Solid line indicates moment of AHC, dotted line indicates moment of EHC. Moment of EHC 
preceded AHC with on average 90 ms.
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Figure 3. UD vs. unexpected level walking (UL). Top: average MGi amplitude of the unexpected down (UD 2–9) and 
unexpected level (UL ≥ 7) condition of subject GE (n = 1). The other panels show average response amplitudes of the 
UD 2–9 condition when the average of the UL ≥ 7 condition was subtracted out (thus UD – UL). Each bin represents the 
group average (n = 12) of the response for a period of 10 ms; error bars represent SD. Traces start at the moment of 
EHC of UD, which was aligned with the actual foot contact of UL (AHC UL). Dotted line shows moment of AHC of UD. 
A positive deflection implies enhanced UD muscle activity; a negative deflection implies a decreased UD activity as a 
consequence of muscle silencing. Bin amplitudes with a statistically significant difference from 0 (p < 0.05) are marked 
by the gray bars on the x-axis. Onset latencies of the responses (L) are indicated by arrows. 
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The first UD trial (UD 1) is likely to yield responses that differ fundamentally from those obtained 
afterwards, since the subjects have not yet experienced the sensation of an unexpected step-
down. To examine this, the responses of the UD 1 trials were compared with the responses 
of the subsequent UD trials (UD 2-9). The results are shown in figure 4 for the ipsilateral 
MGi and contralateral TAc. As can be seen, the onset latency and duration of the muscle 
activations were similar, whereas the EMG amplitudes of the UD 1 trials exceeded those of 
the subsequent ones. This was found for the other muscles as well.
Figure 4. First trial responses. Typical muscle response profiles of average UD 1 (thin line) and UD 2–9 trials (thick line) 
when the ensemble average of the UL ≥ 7 trials was subtracted out (thus UD – UL). Traces start at EHC of UD, which was 
aligned with AHC of UL. Dotted line shows moment of AHC for the UD condition. Each bin represents group average (n = 
12) of muscle amplitude for a period of 10 ms; error bars represent SD. * = UD 2–9 bins that have a statistically significant 
difference from 0 (p < 0.05); ° = UD 1 bins that have a statistically significant difference from 0.
3.2	Does	stepping	down	unexpectedly	result	in	enhanced	post-landing	muscle	activity	
compared	to	stepping	down	expectedly?	
To study the effects of expectancy on post-landing muscle activity, the UD trials were compared 
with the ED trials, in which the physical condition of the task was the same (step-down), while 
the level of expectancy differed (U versus E). Three subjects had to be excluded from the 
ED condition because they accidentally had vision of the support surface by removing the 
blocking glasses. The UD vs ED comparison showed increased post-landing EMG activity, as 
is illustrated in figure 5. Increased activity was found in the extensor muscles on the ipsilateral 
side (MGi and RFi), as well as in the contralateral TAc and to a lesser extent BFc. This 
increased post-landing activity had durations of 70-180 ms (see Fig. 5) starting already at the 
moment of AHC. In contrast, post-landing EMG activity in the UD vs UL comparison (see Fig. 
3) was observed in other muscles as well (TAi, BFi, RFc). This was presumably caused by the 
difference in the mechanical situation (step-down versus level walking). 
 Some other marked differences were observed between the two comparisons. 
Increased muscle activity prior to AHC was found in the MGi, RFi, TAc and BFc muscles (see 
Fig. 5). This increased activity might be caused by a difference in pre-programmed muscle 
activity or as a reflex response to passing EHC. Since the increased RFi activity prior to AHC 
started earlier in figure 5 compared to figure 3, part of the activity was probably caused by 
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a difference in pre-programmed muscle activity. Furthermore, the decreased BFi activity, as 
observed in figure 3, was not present in figure 5, because now all data were aligned at AHC 
(while in Fig. 3 the AHC of the UL condition preceded the AHC of the UD condition).
Figure 5. UD vs. expected down (ED). Top: average MG amplitude for UD and ED trials of subject GE (n = 1). The other 
panels show responses of UD 2–9 trials when the average of ED trials were subtracted out (thus UD – ED). Data of both 
conditions were aligned at AHC. Each bin represents group average (n = 9) of amplitude for a period of 10 ms; error bars 
represent SD. A positive deflection implies enhanced UD muscle activity; a negative deflection implies a decreased UD 
activity as a consequence of muscle silencing. Bin amplitudes that have a statistically significant difference from 0 (p < 
0.05) are marked by the gray bars on the x-axis.
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 Since the EMG of the UD and ED condition differed from each other, changes might 
also be found in the underlying kinesiology, as will be examined next. The kinesiology of the 
UD and ED condition differed from each other with respect to certain aspects (see Fig. 6, left 
column). In the UD trials, the ankle was slightly more plantar flexed before AHC, suggestive of 
a more flat-footed landing, which may have been caused by the increased MGi activity. After 
AHC, the ipsilateral ankle dorsiflexed more rapidly compared to the ED condition. Furthermore, 
the ipsilateral knee extended, instead of the knee flexion that was observed after AHC in the 
ED condition. This might be caused by the increased RFi activity before and after AHC. On the 
contralateral side, the knee rapidly flexed, probably due to the early activity of the contralateral 
TAc and BFc. 
Figure 6. Joint angle curves of the ankle (AN) and knee (KN). Left column: UD vs. ED (n = 9). Right	column: UL vs. EL 
(n = 12). Panels show mean ± SE of the EL and ED condition (gray lines). Superimposed is the average of UL and UD 
condition (black lines). For each subject, the UL condition was based on the average of the UL ≥ 7 trials, the UD condition 
was based on the average of the UD 2–9 trials.
 
To determine whether the unexpectedness had consequences on the kinesiology 
of level walking as well, the UL condition was compared with the EL condition (see Fig. 6, 
right column). The ankle was slightly more plantar flexed in the UL condition just before heel 
contact, which indicates a more flatfooted walking pattern. Otherwise, the kinesiology of the 
UL and EL condition were largely comparable for most of the part of the step cycle. It has to 
be noted that the kinesiology of the UL condition represents the average of the UL ≥ 7 trials. 
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Whether the results were different for the level walking trials that were most unexpected (UL 
1), is investigated next.
3.3	Does	an	unexpectedly	high	support	surface	result	in	fast	reflex	activity	to	compensate	for	
the	premature	onset	of	loading?	
In the UL 1 trials, immediately following a UD trial, the subjects clearly anticipated another 
step down since they consistently showed an increased load-rate during the first 30 ms of foot 
contact, followed by a brief yield in the vertical ground reaction force (vGRF). This is illustrated 
at the top of figure 7 for a typical subject, in which the average of the UL 1 trials was compared 
with the average of the expected level walking trials (EL). 
Prior to touchdown, the ankle was in a more plantar flexed position, which is typical for 
subjects preparing to land on a lowered surface. The unexpected early foot contact resulted in 
a high load-rate. Since the stiffness of the leg was not appropriately sized, the subject was not 
able to take up the high load and the leg briefly collapsed as is shown by the yield in the vGRF 
curve (see shaded area in Fig. 7, 48-78 ms after foot contact). At the onset of the unloading 
phase, the knee and ankle started to rapidly (dorsi)flex. Simultaneously, reflex activity was 
generated in several ipsilateral and contralateral leg muscles such as for example the BFi and 
BFc. The clear bursts ended simultaneously with the end of the unloading phase. At 100 ms 
after touchdown, a delay in the contralateral knee flexion was observed, which coincided with 
late extensor bursts in the TAc and RFc. The delayed flexion resulted in a 26 ms delay in the 
moment of contralateral toe-off (cTO), as is indicated by the dashed vertical lines in figure 7. 
Next, the data were subtracted from each other and averaged for the whole population (see 
Fig. 8).
Muscle synergies triggered by an unexpected support surface height
          























 

 












Chapter 5  |  82
Figure 7. Single subject characteristics of unexpected level walking (UL 1). Illustrated are vertical ground reaction force 
(vGRF), joint angle curves, and muscle activation patterns of subject CA. Data were aligned at AHC, indicated by the 
solid vertical line. Period of unloading is indicated by the shaded vertical area. Gray curve shows average of control trials 
of level walking (EL); black curve shows average of the 1st trials of level walking after an unexpected step down (UL 1). 
Curves represent average ± 2 SD of 9 UL1 trials and 10 EL trials. TO, toe-off.
Muscle synergies triggered by an unexpected support surface height
 









 
 



 





 
   
 
 
 
  



































Chapter 5  |  83
Figure 8. Population characteristics of unexpected level walking (UL 1). Population averages of subtracted kinematic 
and EMG data are shown. Data were aligned at AHC, indicated by solid vertical line. Average of EL trials was subtracted 
from UL 1 trials. Amplitude of subtracted signal was averaged across bins of 10 ms. Afterwards, it was averaged for 
all subjects (n = 12). Error bars represent SD. Arrows represent onset latency (L), which indicates average moment of 
significant burst onset.
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 The kinematic data showed increased ipsilateral ankle plantar flexion prior to 
touchdown, corresponding with a decrease in TAi activity. During the yield of the leg at 40-
78 ms after AHC, the ipsilateral ankle and knee (dorsi)flexed (see shaded area in Fig. 8). 
Simultaneously, the TAi, RFi and BFi generated extra EMG activity with latencies of 46-65 ms 
after AHC. Significant onset latencies were detected in 11 of the 12 subjects for the ipsilateral 
upper leg muscles RFi and BFi. The bins showed a significant increase in EMG activity with 
a duration of 60 ms and 80 ms respectively. The burst onset of the TAi muscle was less 
consistent and was detected in 7 of the 12 subjects. Because of the larger variability between 
the subjects, only the later part of the response of the TAi was significant. On the contralateral 
side, clear facilitatory responses were seen in the MGc and BFc with latencies of 66 and 81 
ms, resulting in a delayed knee flexion and a 35 ms delay in the moment of cTO. These bursts 
were detected in, respectively, 8 and 6 subjects and were therefore less consistent than the 
muscle bursts on the ipsilateral side. The RFc seemed involved in the contralateral activation 
as well. However, the average amplitude of the response was not significantly different from 
zero. Overall, the responses to an unexpected level surface (UL 1) were more subtle than 
those observed after an unexpected step-down (UD).
4. Discussion  
Landing on a surface that is either lower or higher than expected triggers, respectively, a fast 
braking reaction or a brief yield of the leg. 
4.1	Unexpected	step-down	triggers	fast	reflexive	braking	reaction	
In the case of a lower than expected surface the main finding was that EMG responses in 
various leg muscles occurred very soon after passing the level surface (47- 69 ms) and well 
before the actual heel contact (21- 43 ms). The muscle synergy involved a brief braking 
reaction, which was achieved through short-latency activations in a number of muscles. 
On the ipsilateral side the MGi was the first muscle activated followed closely by the RFi. 
Simultaneously the ongoing activity of the BFi was suppressed. This induced an ankle 
plantar flexion and knee extension. On the contralateral side the TAc and BFc were activated, 
resulting in a large knee flexion. The contralateral onset latencies were barely longer than the 
one observed in the ipsilateral MGi, indicating that the response had a bilateral nature. The 
observed synergy showed a remarkable resemblance with the one described by Hase and 
Stein 16 with latencies of 150-200 ms, in an experiment in which subjects were required to 
walk and then stop abruptly after they received a non-nociceptive electrical stimulation of the 
peroneal nerve above the ankle (resemblance schematically illustrated in Fig. 9A and B). In 
the present study it is shown that a similar synergy can also be elicited as a natural response 
to an unexpected absence of ground support, as soon as 47 ms after passing the level surface 
(EHC).
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Figure 9. Schematic overview of responses to an unexpected lowered surface (A) and unexpected level surface (C). 
Results are compared with rapid stopping (B), as adapted from Hase and Stein 16 (Figs. 4, 6 and 8), and tripping (D), as 
adapted from Eng et al. 32 (Figs. 4 and 5). SOL, soleus; VL, vastus lateralis. Arrows indicate direction of joint movement.
4.2	Origin	of	the	fast	braking	reaction
The question arises as to which pathways may have been responsible for delivering the error 
signal to the CNS that triggered the fast braking reaction. The trigger for this response must 
have been the absence of foot contact at the point of expected landing. This implies that there 
are very fast pathways signaling the absence of expected foot contact. Fast responses during 
perturbations of walking might be attributable to monosynaptic stretch reflexes. However, the 
most obvious responses in the present study are seen in the MGi and TAc. These muscles 
were not lengthened but shortened due to the increased ankle plantarflexion on the ipsilateral 
side and the forward propulsion of the body on the contralateral side. This makes involvement 
of stretch reflexes in the braking reaction not plausible. 
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 Second, the reaction might be caused by the absence of the load-reinforcing reflex. 
For loading it is known from cat work that there are extensor reinforcing reflexes that appear 
preferentially during locomotion 8, 9. When cats step in an unexpected hole, there is a short latency 
(35 ms) decrease in the ongoing activity of the ankle extensor muscle LGM 7. Later experiments 
by Hiebert et and Pearson showed that it was possible to compensate for the EMG silence by 
stimulating extensor nerves, thereby providing evidence for the contention that the EMG silence 
was due to absence of proprioceptive input from these extensor muscles 17. In the present study, 
a suppression of the extensor muscles as a consequence of the absence of foot contact was not 
found. However, the present experiment differed from the cat studies in several important aspects. 
First, there is no extensor activity around heel contact in humans during normal walking, which 
makes it impossible to demonstrate EMG silencing after passing the expected heel contact. Grey et 
al. were able to demonstrate short latency extensor muscle silencing during a rapid plantar flexion 
movement in humans, but this was done during mid-stance when the extensor muscles were 
active 10. A second important difference is that cats are quadrupeds and therefore balance is much 
less threatened than in the biped human. Moreover, a different corrective response is required. 
The cats stepped on a treadmill and hence had to continue stepping after the perturbation, which 
required a substantial activation of the flexor muscles. In contrast, the present subjects stopped 
walking briefly after stepping on the lowered surface. Alltogether, the absence of the extensor-
reinforcing reflex is not likely to have caused the fast braking reaction that was observed.
 Next, it might be argued that the load receptors on the contralateral side (the standing 
leg) experienced an increased load at the transition of stance to swing. Because of the forward 
propulsion and downward movement of the body, and the delay of the ipsilateral foot contact and 
thus double support phase, the load underneath the forefoot of the contralateral leg increased and 
was lengthened with respect to a normal phase transition. Moreover, onset latencies of the ipsilateral 
and contralateral leg did not differ significantly from each other, indicating that the response might 
have originated from the contralateral leg as well. Another contributor to the corrective response 
might have been the vestibular system, detecting the increased forward rotation of the body and 
the drop in surface height. It is unlikely, however, that the fastest responses were vestibularly 
induced, since the vestibulo-spinal tract requires at least 60 ms to reach the peripheral muscles 
18. Nevertheless, the vestibular system might have played a role in the later parts of the corrective 
response.
4.3	Braking	reaction	as	a	result	of	an	internal	model	comparison	
In the present study, the CNS expected strong sensory feedback at the moment of predicted foot 
contact. The absence of the expected feedback acted as a very powerful stimulus to initiate the 
fast braking reaction that was observed. The current findings show great resemblance with the 
paradigms of several studies of reaching, grasping and aiming 1, 19. These studies are in favor of a 
theoretical model in which there is a continuous comparison between the expected feedback and 
the real-time sensory feedback. An efference copy of the motor command is used to predict the 
sensory consequences of the ongoing action. This is compared with the actual sensory feedback 
of the movement. A discrepancy between the two will lead to a fast adjustment of the motor 
command.
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  Several suggestions are made as to where this comparison is made: at a spinal, 
cerebellar or transcortical level. In cat, the responses to the absence of expected load suggested 
spinal involvement. To determine the spinal contribution to the corrective response, Hiebert 
et al. studied the responses to stepping in an unexpected hole in spinal cat 20. The responses 
were delayed and of smaller amplitude, indicating that spinal pathways could generate at 
least part of the response, but that supraspinal input was necessary for a fast onset and an 
appropriately scaled response. The ability to generate complex reactions as a response to 
postural perturbations and loading was also shown in cats with a high level of decerebration 
(so-called “premammilary cats” 21), indicating that the presence of the brainstem or cerebellum 
in addition to the spinal pathways was sufficient to evoke these types of responses. In human 
infants, who are generally believed to have an immature corticospinal tract, and therefore 
reduced supraspinal input, widespread task and phase-dependent reactions were found as 
well 22. Following stroke that damages the supraspinal structures, it was found that extensor 
muscles were still modulated based on loading 23. Moreover, in humans with a spinal cord 
lesion it was shown that the load compensating mechanisms are still operational 11, 24. These 
studies indicate that a large proportion of the responses to postural perturbations in humans 
might be stored at a spinal level. Could supraspinal structures play a role as well? 
 The cerebellum is thought to be an important structure involved in comparing the 
sensory reafference with the predicted sensory feedback 25. Animal and human studies have 
shown that cerebellar integrity is needed to respond in time and accurately to unexpected 
perturbations of arm movements 26, 27. However, the fast latencies that were observed in the 
current study (47- 69 ms) are too short for transcerebellar loops. Cerebellar cooling in monkeys 
has shown a decrease in the M2 amplitude 28, which occurs at an average latency of 69 ms in 
human 29. The presently observed latencies are also too short for transcortical loops. Evidence 
from SEP registration and MEP stimulation demonstrated that the transcortical pathway for 
the TA muscle is at least 70 ms 30. 
 In the current study, the subjects were able to predict the moment at which the 
perturbation occurred (always at right heel contact). Therefore, the cerebellum might have 
primed the spinal structures of the possibility of an upcoming perturbation, as previously 
suggested by Shimansky et al. for a different paradigm 26. This abolishes the need for a 
transcerebellar loop, thereby reducing the onset latency of the corrective response to spinal 
levels. The fast braking reaction as observed in the present study had the same onset 
latencies during the first as compared to the subsequent trials. This suggests that the spinal 
structures were already correctly primed before the subjects had experienced the nature of 
the perturbation. Since the moment of heel contact is a very important phase within the step 
cycle, the cerebellum might always pre-program the spinal structures prior to the moment 
of foot contact with the expected sensory feedback. As a consequence, a fast modification 
can be generated if necessary. The actual sensory feedback is likely to be responsible for 
shaping the compensatory synergies, such that they result in appropriate responses to the 
given perturbation.
 Future studies, with unexpected perturbations during different phases of the step 
cycle can shed light on the question whether these fast latencies can be evoked during other 
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phases of the step cycle as well. Moreover, the exact role of the cerebellum in this reaction 
might be clarified by testing the current paradigm with patients suffering from cerebellar 
damage.
4.4	Stepping	down	unexpectedly	results	in	enhanced	post-landing	muscle	activity	
The post-landing muscle activity of stepping down unexpectedly was higher compared to 
stepping down expectedly. Apparently, the absence of expected foot contact in the unexpected 
step-down triggered enhanced muscle activity, partly similar to what was observed in passing 
a false floor during jumping 6. The latter study found enhanced activation of the antigravity 
muscles (MG, RF and BF) soon after impact (35-80 ms). In the current study, enhanced post-
landing activity was found in the ipsilateral MG and RF as well. However, the increased activity 
did not show sharp onsets at an equivalent latency. This discrepancy may have been caused by 
several factors. First, landing during walking is much smoother than after a jump. Furthermore, 
the priority in jumping is to damp the impact, while in the current setting maintaining balance 
and rapidly terminating the forward propulsion of the body is more important. Therefore, the 
post-landing reflex activity may have been concealed by the fast braking reaction that was 
already generated shortly after EHC. 
 
4.5	Unexpected	level	walking	triggers	fast	flexor	response	
In the unexpected level walking condition, the support surface was higher than expected. At 
the moment of foot contact, the limb was not yet prepared for impact as was shown by the 
increased plantar flexion and diminished activation of the TAi. As a consequence, the leg 
yielded, resulting in a brief unloading period at 40-78 ms after touchdown. The unloading 
period was similar to the one observed by Verdini et al. 4, who found it to be related with 
reduced muscle activity prior to touch down as well. 
 The yield of the leg coincided with reflex responses at 46-81 ms after foot contact. 
Apparently, the unexpected early foot contact acted as a very powerful stimulus to trigger fast 
reflexive responses. The muscle synergy consisted of an early activation of the ipsilateral 
BFi muscle (46 ms), followed by activations of the TAi, RFi and MGc (63-66 ms) and BFc 
(81 ms).  The onset latencies were slightly faster than those observed after hopping on an 
unexpectedly hard surface (68-188 ms 5). The reflexes in TAi, RFi and BFi might be a result 
of stretch. Although not all of these muscles were stretched as a result of the early impact, it 
has been shown in catching that stretch can induce simultaneous reactions in the antagonists 
as well as the agonists, probably in order to stabilize the joints 31. Alternatively, the reflex 
responses may have been induced by the cutaneous receptors of the foot sole. The muscle 
synergy of both the ipsilateral and contralateral leg resembled muscle activations that were 
found during stumbling and slipping 32, 33, 34 (compare Fig. 9C and Fig. 9D). The ipsilateral 
responses generated an ankle and knee flexion, while the activity of the contralateral muscles 
(MGc, BFc) generated a knee extension that delayed the moment of contralateral toe-off. 
The reflexive bursts, particularly of the BF muscles, ended simultaneously with the end of the 
unloading phase, indicating that active reloading of the leg resumed immediately after the 
flexion response had ended.
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5. Conclusion 
A difference between expected and actual loading at foot contact can trigger fast functionally 
relevant corrective muscle synergies, both on an unexpectedly high and low support surface. 
The muscle synergies and kinematic responses depend strongly on the perturbation and are 
almost the exact opposite of each other, which can be seen when comparing figure 9A with 
9C. However, the onset latencies are very similar. This finding is in favor of the presence of an 
internal model, continuously comparing the expected with the actual sensory feedback. The 
resulting error signal is able to trigger fast responses, which are appropriately coordinated to 
ensure stability in the light of very different perturbations.
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Part 3
Experimental studies in patients with CMT type la

Chapter 6
Fast responses to stepping on an unexpected surface height depend on intact large 
diameter nerve fibers: a study on Charcot-Marie-Tooth type Ia disease.
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Abstract 
The contribution of reflexes from the large myelinated afferents 
in the control of normal and perturbed gait in humans is a highly 
debated issue. One way to investigate this topic is by studying 
normal and perturbed gait in patients lacking large myelinated 
fibers in the distal limb (CMT type Ia, Charcot-Marie-Tooth 
disease). Such patients should have delayed and decreased 
reflexes if the latter depend on these large myelinated fibers. To 
elicit the reflexes, both patients and controls had to step on a 
platform that was either at the same level or 5 cm lowered. In 
control subjects, landing on a level surface induced short-latency 
responses in the biceps femoris and tibialis anterior muscles while 
such responses were largely absent in the patients. Similarly, 
stepping down unexpectedly induced a very fast muscle synergy 
leading to a braking of the forward propulsion in the controls, 
which was significantly reduced and delayed (on average 32 
ms) in the patients. The observed changes correlated with both 
sensory and motor deficits. Nevertheless, it is concluded that 
the results are primarily related to the sensory deficits, since the 
delayed or absent responses appeared both in upper and lower 
leg muscles while only the latter showed motor deficits. The 
data are taken as evidence that large diameter afferents from 
the distal leg are essential for fast reflex activations induced by 
stepping on a surface of unknown height.  
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1. Introduction
A disturbance related to the interaction with the ground surface is sensed primarily by 
cutaneous afferents from the foot sole or by the fast-conducting group I proprioceptive afferents 
1, 2. It has been proposed that such afferent input is used to elicit reflexes which can assist 
posture and gait 2-12. If these propositions are correct one would expect that these reflexes are 
reduced in patients which lack the large myelinated fibers in the lower limb. In patients with 
CMT Ia (Charcot-Marie-Tooth disease) the afferents with the largest diameter (group I of the 
proprioceptors, group II of the cutaneous afferents) are primarily affected, along with a variable 
amount of efferents to muscles in the distal lower leg. In agreement with expectations, studies 
on CMT Ia patients during gait and stance showed an absence of the cutaneous P2 responses 
(at ~80 ms 13) and of the early stretch responses (SLR, at ~ 36 ms 14, 15), thereby convincingly 
illustrating that the largest diameter afferents are essential for these responses. 
 The previous studies investigated the role of the large diameter afferents during 
gait, using methods such as nerve stimulation and imposed muscle stretch. Yet, an important 
remaining question is how CMT patients react to perturbations that mimic daily life situations. 
Under normal conditions, such as good lightning and an even surface, patients perform 
relatively well, indicating that they are able to compensate for their motor and sensory 
impairments. However, when encountering a challenging environment under poor lightning, 
falls frequently occur. In a group of elderly suffering from polyneuropathy for example, the large 
majority of falls was indeed caused by stepping on an irregular surface (79% 16). This suggests 
that such patients are not able to execute the appropriate response strategies when faced 
with an unexpected change in support surface conditions. One commonly observed situation 
leading to a fall is that one steps on a surface that is lower than expected, for example when 
missing a curb or the last stair-case. 
 This type of perturbation has been introduced in the laboratory both for cats (‘foot 
in hole’ 17) and for humans (‘unexpected step-down’ 18-20). In the cat experiments, the steps 
in a hole caused a pausing of the ongoing ankle extensor activity 17. This was taken as 
evidence that group I afferent input provides reinforcing feedback in extensor muscles, as was 
proposed earlier by Duysens and Pearson 3. Further support for this interpretation came from 
experiments in which the pausing could be eliminated by providing extra activation of group I 
afferents through electrical stimulation 21. Inversely, when such fast-conducting afferents were 
blocked by administering pyridoxine, the deafferented cats failed to show appropriately timed 
and scaled responses to perturbations of gait 22. 
 In humans, the unexpected step-down was characterised by an increased forward 
momentum of the body followed by a rapid step of the non-perturbed leg 18. Regarding the 
muscular responses, the reactions to the ‘foot-in-hole’ experiments in humans differ from cats 
because humans have no ongoing extensor activity at the time of expected foot contact. 
Instead it was found that stepping down unexpectedly triggered a fast bilateral braking 
reaction 18, 20. The braking reaction consisted of increased activity of the medial gastrocnemius 
(MG) and rectus femoris (RF) muscles on the perturbed side and increased tibialis anterior 
(TA) and biceps femoris (BF) activity on the non-perturbed side, 47-69 ms after the moment 
of expected foot contact 18. This complex synergy that flexed the non-perturbed leg and 
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extended the perturbed leg, is reminiscent of a braking reaction that is seen when humans are 
asked to quickly stop walking 23. In addition, there was increased EMG activity in all muscles 
immediately after the delayed impact in order to stabilise the ankle and knee, resembling the 
increased post-landing reflex activity found in false floor and unexpected landing experiments 
24, 25, and in experiments where subjects stepped on a surface that suddenly collapsed 26, 27. 
 When stepping in a hole, the expected cutaneous and proprioceptive feedback from 
the foot and lower leg at landing is temporarily absent. One can therefore assume that the 
absence of the expected sensory input is sensed as a discrepancy, which then triggers the 
fast braking reaction. Based on the impaired function of the large diameter afferents, CMT 
Ia patients are presumably less able to detect this. The present hypothesis is therefore that 
the braking synergy is absent or delayed in these patients. Furthermore, due to the distal 
muscle atrophy of the CMT Ia patients, a further decrement in the amplitude of the response 
can be expected. In addition, secondary biomechanical constraints of the polyneuropathy, 
such as a reduced ankle range of motion may play an important role in the ability to respond 
to these perturbations. Hence, both motor and sensory deficits might contribute to a less 
effective braking reaction, ultimately leading to loss of balance. The contribution of the motor 
and sensory impairments regarding the maintenance of postural stability after stepping on a 
surface of unexpected height in polyneuropathy patients has not yet been extensively studied. 
It has been shown that falls in elderly patients with an acquired form of polyneuropathy are 
associated with both motor (peroneus, dorsiflexion strength) and sensory deficits (vibration 
sense, neuropathy score 28), but similar studies in CMT Ia patients are currently lacking.  
 In summary, little is known about the role of the large diameter afferents in responses 
to an unexpected step-down, as occurs regularly in daily life. Therefore, the purpose of the 
current study is to investigate the muscular and kinematic responses of CMT Ia patients to 
stepping on a surface that is unexpectedly 5 cm lowered. In addition, the contribution of the 
sensory and motor impairments to the responses of the CMT Ia patients will be examined. 
With regard to the unexpected step-down, two important features will be addressed: (i) the 
early braking reaction between the moment of expected and real foot contact, and (ii) the 
post-landing reflex activity following the delayed impact. To determine the exact onset latency 
and muscle synergy of the early braking reaction, the unexpected step-downs need to be 
compared with a condition in which the pre-programmed anticipatory muscle activity prior 
to the moment of the expected foot contact is the same, in order to ensure that the subjects 
approached the surface similarly. Such a condition is level walking, while being unaware of 
the support surface height. Secondly, to calculate the increase in the amplitude of the post-
landing activity, the unexpected step-downs need to be compared with a condition in which 
the physical condition of the task is similar, while the level of expectancy differs: an expected 
step-down. 
Impaired	responses	when	stepping	down	unexpectedly	in	CMT	disease
Chapter 6  |  99
2. Methods
2.1	Subjects
Eleven CMT Ia patients (mean ± SD: age 40.6 ± 10.3 yrs, height 1.77 ± 0.1 m, weight 82.8 
± 10.3 kg, 8 men and 3 women) were compared to eleven matched control subjects, without 
any known orthopaedic or neurological deficits (age 45 ± 9.8 yrs, height 1.75 ± 0.14 m, 
weight 81.5 ± 13.4 kg, 6 men and 5 women). None of the subjects had undergone ankle-foot 
surgery or suffered from co-morbidities. All patients had a duplication of the p11.2-12 region 
on the short arm of chromosome 17, as was diagnosed through DNA analysis. The patient 
population consisted of relatively good walkers, who were able to walk independently without 
orthopaedic aids for at least 1 hour. Most of the patients had mild pes cavus. None of the 
patients had structural pes equinovarus, since patients who were unable to achieve bilateral 
heel loading with fully extended knees were not included in the study. To reduce the risk for 
ankle sprains, the strength of the peroneus muscle of all patients had to be at least 3 on 
the Medical Research Council scale (MRC 29), indicating the ability to evert the foot against 
gravity. Patients were recruited from the department of Neurology at the University Medical 
Centre in Nijmegen and through the Dutch Society for Neuromuscular Disorders (VSN, 
Vereniging Spierziekten Nederland). Written informed consent was obtained from all subjects. 
The study was approved by the regional ethics committee and performed in accordance with 
the Declaration of Helsinki.  
2.2	Clinical	examination
All patients underwent a standardized clinical evaluation of their motor and sensory impairments. 
To grade the motor impairments, muscle strength of the distal lower leg muscles were scored 
bilaterally on the modified MRC scale, consistent with previously published methods for 
impairment profiles in neuromuscular disorders 30, 31. In the current patient population, MRC 
scores could range between 3 and 5, which corresponds to: 3) full range of motion (ROM) 
against gravity without resistance; 3.25) full ROM against slight resistance; 3.75) movement 
against moderate resistance; 4) movement against strong resistance, but some weakness; 
4.25) movement against strong resistance with slight weakness; and 5) full strength. Distal 
muscle strength was determined for the following muscles: tibialis anterior, tibialis posterior, 
gastrocnemius, peroneus longus, extensor digitorum longus and hallucis longus. The strength 
of these muscles was averaged into a mean distal MRC score. In addition, proximal muscle 
strength was determined for the quadriceps, hamstrings, hip abductor and adductor muscles. 
The passive ROM of the ankle was addressed as well, by measuring the maximal passive 
dorsi - and plantar flexion angles with a handheld goniometer. While the patient sat, the upper 
arm of the goniometer was positioned parallel to the peroneus longus muscle and the lower 
arm parallel to the lateral border of the foot, just inferior to the lateral malleolus. A goniometer 
value of 90 was considered neutral (0° dorsi - and plantar flexion).
 To grade the sensory impairments, the superficial tactile perception threshold of the 
sole and dorsum of the foot was examined with a monofilament (buckling force 10 g). The sole 
of the foot was divided in 3 regions: the heel, middle and ball of the foot. The monofilament 
was pushed against each area at least 3 times. Patients lay with their eyes closed and gave 
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a verbal sign when they felt the monofilament. The monofilament scores ranged from 0 to 
2: 0) the patient did not feel the monofilament; 1) the patient felt the monofilament, but not 
consistently; 2) the patient consistently detected the monofilament. The monofilament scores 
of both feet were averaged into single scores for further analysis.
 Vibration detection threshold (VDT) was assessed bilaterally by means of a 128 
Hz Rydel-Seiffer tuning fork (US neurologics). The tuning fork was vibrated maximally and 
then applied at three locations: the medial malleolus and lateral malleolus of the ankle, and 
the head of the first metatarsal bone. Subjects were instructed to respond verbally when 
they no longer perceived vibration, at which point the corresponding number on the tuning 
fork (ranging from 0 (no vibration sense) to 8 (optimal vibration sense)) was scored by the 
examiner. The distal VDT score was calculated by averaging all VDT scores. Finally patellar 
and Achilles tendon reflexes were tested, and scored absent or present.
 Electrophysiological data of the patients was collected from their medical records 
whenever possible. The motor nerve conduction velocity (NCV) of the peroneal nerve and the 
compound motor action potential (CMAP) of the tibialis anterior (TA) were collected.
2.3	Experimental	set-up	and	instrumentation
The experimental set-up was identical to the one used in previous research 18. The set-up 
consisted of a 2.6-m wooden walkway, ending on a gravity driven platform of 1-square meter 
supported at each corner by two electromagnets (see Fig. 1A, chapter	5) 32. Release of the 
electromagnets resulted in a 5 cm lowering of the platform. Subjects were instructed to walk 
4 steps, starting with their right foot, and then come to a full stop with their feet placed next to 
each other. The second step, with the left (contralateral) foot, was the step prior to the step 
on the platform and triggered the start of the data collection. The third step, with the right 
(ipsilateral) foot, was placed on the gravity driven platform that was sometimes unexpectedly 
lowered. In the series of unexpected trials, subjects were asked to step in place for 20 
seconds with their eyes closed in between the trials, while falling platforms were played on 
earphones, preventing subjects from hearing, seeing or feeling the movement of the platform. 
All subjects wore a safety harness that was attached to a rail system on the ceiling. During 
the whole experiment, a physical assistant was present to assist in case of loss of balance. 
In addition, subjects could grasp a lateral sidebar when they experienced severe loss of 
balance. Step length and cadence were standardized by foot placement instructions and the 
use of a metronome. Subjects performed several practice trials to become familiar with the 
correct foot placement and cadence prior to data collection. During all trials, subjects were 
instructed to look at a marker on a wall straight ahead, to control for head position. In addition, 
subjects wore glasses that blocked the lower part of the visual field to prevent them from 
visual feedback of the platform position. 
 Surface electromyography (EMG) measurements were performed bilaterally on the 
tibialis anterior (TA), medial gastrocnemius (MG), rectus femoris (RF) and biceps femoris (BF) 
muscles. Skin impedance was reduced to a value below 10 kOhm by shaving and scrubbing 
the skin with scrubgel, before placing the electrodes. Two electrodes (Kendall ECG, 2.0 cm 
diameter) were placed adjacent to each other (interelectrode distance of 2.0 cm) on the 
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centre of the muscle belly, in parallel with the direction of the muscle fibres. EMG signals 
were pre-amplified, low- (300 Hz) and high-pass (3 Hz) filtered (electrical analogue bandpass 
filter) before they were stored for further offline analysis. Electrogoniometers (Penny & Giles, 
Biometrics, Ltd, UK) were placed on the lateral side of both knees and ankles to measure 
the joint trajectories. Heel and toe contact were measured by footswitches (designed in 
collaboration with Algra Fotometaal b.v., Wormerveer, The Netherlands) that were placed on 
insoles. All subjects wore identical, appropriately sized gymnastic shoes.
 The moment of expected foot contact (EFC) in the unexpected step-down trials 
was measured by an infrared system, consisting of two horizontally placed transmitters and 
receivers at level height (see Fig. 1B, chapter	5, dashed arrow). The moment the infrared 
beam was interrupted by the right foot was defined as the moment of EFC. Force plates 
(Dtaxe Weighing system, type 104A) were placed underneath the four corners of the platform. 
A steep increase in the force signal closest to the right foot followed the footswitch signal by 
on average 7.4 ms, presumably due to damping (Fig. 1B, chapter	5). When the footswitch 
data was missing, the force signal was used for determining the moment of actual foot contact 
(AFC) taking into account the 7.4 ms delay. All data was sampled with a frequency of 1 kHz, 
from 1 s prior to 2 s after heel contact of the pre-perturbed step. Data was analog-to-digital 
converted and stored for further off-line analysis. An RSScan pressure plate that was placed 
on the platform detected the area of first foot contact (RsScan International ®, Olen, Belgium; 
0.4 x 0.5 m, 2 sensors / cm2, 500 Hz).
2.4	Protocol
The experimental definitions and protocol were similar to the ones used in a previous study 18 
and are schematically illustrated in figure 1C (chapter	5). The series of trials were divided in 
two categories; expected (E) and unexpected (U). The U trials were preceded by the warning 
that the platform might be lowered 5 cm during each of the following trials. Strictly speaking, 
the lowered platform trials were not totally unexpected, since the subjects were aware of 
the possibility of a lowered platform. This terminology was used to distinguish these from 
the second group, the expected trials (E). In the latter trials, subjects were told beforehand 
whether the platform was lowered or not. Furthermore, the trials received a second label, 
based on the physical condition of the landing surface. The level trials were termed level (L), 
the 5-cm lowered platform trials were termed down (D). 
 Subjects started the protocol with 10 trials of expected level walking (EL, expected 
level). Next, the platform was unexpectedly lowered 9 times (UD, unexpected down; UD 1, 
UD 2, etc.). Each UD was followed by 8 - 10 trials of level walking (UL, unexpected level; UL1, 
UL2, etc.). The exact number of UL trials varied to prevent the subjects from being able to 
predict the next UD. In the last part of the experiment, the subjects performed 10 expected 
step-down trials (ED, expected down). 
 All UL trials were intrinsically unexpected, since the subjects were always in 
anticipation of a possible step-down trial. However, the level of anticipation gradually adapted 
during the subsequent UL trials 18. During the UL ≥ 7 trials, the walking pattern of the subjects 
had stabilised and was no longer strongly biased towards expecting a step-down. However, 
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this walking pattern was still slightly different from expected level walking. Because of these 
reasons, the trials UL ≥ 7 were selected as control trials to compare with the UD condition 
(UD-UL). 
2.5	Data	analysis
All signals were rectified offline. For each subject, the EMG data were normalised with respect 
to the maximum EMG that was measured during a UL control trial. The maximum EMG was 
determined for each muscle, by calculating a moving average with a window of 30 ms over a 
total step cycle. In order to further quantify the reflex activity, the experimental condition (UD) 
was compared with two control conditions; unexpected level walking (UL ≥ 7) and expected 
down (ED). In the UL condition, the subjects were unaware of the support surface condition. 
Therefore, the surface was approached similarly as in the UD condition. As a consequence, 
the pre-programmed anticipatory muscle activity prior to the moment of the expected foot 
contact was the same. Therefore, this comparison allows us to determine the exact onset 
latency and muscle synergy triggered by the absence of expected foot contact. In the second 
comparison (UD vs ED), the physical conditions of the tasks were the same (step-down) while 
the level of expectancy differed. This allows us to answer to what extent post-landing muscle 
activity is enhanced as a consequence of the unexpectedness of the step-down. For the first 
comparison, UD-UL, the data were aligned such that the expected foot contact (EFC) of the 
UD trials coincided with the actual heel contact (AHC) of the UL trials. As a consequence, the 
conditions in this comparison were equal until the moment of expected heel contact. For the 
second comparison, UD-ED, the data of both conditions were aligned at the moment of actual 
foot contact (AFC).
 To determine the amplitude of the EMG response, the control conditions UL ≥ 7 
and ED were averaged and subtracted from the single UD trials. After subtraction, the EMG 
data were averaged in 10-ms bins, starting at EFC. The bin data were averaged per subject, 
muscle and finally per group. The onset latency of the EMG response was determined by 
visual inspection. For each subject and muscle, the UD trials were superimposed on the mean 
± 2SD of the UL ≥ 7 trials, in the period of EFC until 200 ms after AFC. For graphic use only, 
the EMG trials were filtered (zero-lag, second order, bidirectional Butterworth filter, low-pass 
50 Hz). Using a custom-made MATLAB program, onset latencies were determined by placing 
a cursor at the moment where the UD curve exceeded the mean ± 2SD of the UL curve for a 
period of at least 30 ms. Afterwards, group averages of the onset latencies were calculated 
for all muscles, based on 3 consecutive onset latencies per person. One patient and 2 control 
subjects failed to show 3 consecutive onset latencies in the predefined window, for the TAc 
(patient), MGi and TAi (controls), respectively. Therefore, these trials were not included for 
further analysis. The onset latencies of the kinematic responses, were identified similarly, 
although over a longer time window (until 400 ms after EFC).
 The subjects used different strategies for landing from the step-down: heel, combined 
(heel-forefoot) and forefoot landings. The control subjects landed mostly on the heel (52%), 
followed by combined (‘flatfooted’ 35%) and forefoot landings (12%). The patients used slightly 
different landing strategies: heel (35%), combined (62%) and forefoot (2%). To ensure that the 
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EMG responses were not affected by the way the foot hit the platform, the EMG responses of 
the different landing strategies were compared using an ANOVA for all subjects together, and 
for the patient and control group separately. The onset latencies of the EMG responses showed 
no significant differences between the different landing strategies. Significant differences in 
response amplitude in the period of 50-100 ms after expected foot contact, based on the UD-
UL comparison, were not found either, except for the forefoot landings. The forefoot landings 
were associated with significantly increased activity compared to the other landing strategies, 
50-70 ms after expected landing in the RFc of the control subjects (F2, 21 = 4,27; p = 0.029) 
and 70-90 ms after expected landing in the TAi of the patients (F2,17 = 6.42; p = 0.01). Hence, 
the effects of landing strategy were present but quite limited (only 2% of the patient trials 
were forefoot landings) and did not largely affect the main braking synergy. Therefore, all foot 
landing strategies were grouped for further analysis.
2.6	Statistical	analysis
The results are presented as mean ± SD, unless otherwise specified. Group differences 
were tested with an independent samples t-test. To verify if the average subtracted EMG 
amplitudes of the 10-ms bins were significantly different from zero, multiple one-sample t-tests 
were performed. When 3 or more consecutive bins were significantly different from zero, it 
was considered a reflexive burst. A two-way ANOVA with Bonferroni post-hoc comparisons 
was used to test whether the onset latencies of the EMG response differed across muscles 
and groups. The associations between the EMG responses and the clinical measures were 
tested with two-tailed non-parametric Spearman’s rho correlation coefficients. The level of 
significance was set at a p-value of 0.05.
3. Results
3.1	Subject	characteristics	
The clinical characteristics of the patients are depicted in table I. The average distal muscle 
strength was moderately impaired in the patients (CMT Ia, MRC 4.7 ± 0.4 vs control, MRC 5). 
The strength of the peroneus muscle was most severely affected (4.4 ± 0.5, see also table 
I), followed by the extensor digitorum longus (4.6 ± 0.6) and hallucis longus (4.7 ± 0.6). The 
strength of the calf muscles was always intact (MRC 5). Proximal muscle strength was always 
intact as well, except for the hamstrings in 2 patients (MRC 4). Only the most severely affected 
muscle (peroneus) was included for further analysis. 
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            
            
            
            
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Table I: Patient characteristics
Illustrated are the muscle strength of the peroneus muscle (MRC P; range 0-5), the average distal vibration detection 
threshold (VDT; range 0 (absent) – 8 (optimal)), and the monofilament scores of the dorsum (MON D; range 0 (absent)-2 
(optimal)) and ball (MON B) of the foot. Electrophysiological findings are represented by the nerve conduction velocity 
of the peroneal nerve (NCV in m/s) and the compound motor action potential of the tibialis anterior (CMAP in mV). 
The passive range of motion of the ankle is represented by the DF (maximal dorsiflexion angle) and PF (maximal 
plantarflexion angle). M = male, F = female. Note that a neutral position of the ankle (90°) was scored as 0. SD = standard 
deviation. 
 The impairments of the mean vibration detection threshold (VDT; range 0-8) had a 
distal to proximal distribution in the CMT Ia patients. The VDT of the hallux was most severely 
affected (2.5 ± 2.7), followed by the medial (4.8 ± 2.0) and lateral malleolus (5.4 ± 2.1). These 
VDT values were significantly lower compared to the normal VDT values as determined for 
a group of healthy controls in the age of 40-49 years (hallux 6.3 ± 1.0, p < 0.001; medial 
malleolus 6.0 ± 0.9, p = 0.08; adapted from Martina et al. 33). With regard to the superficial 
tactile sensation, 5 patients showed impairments at the ball of the foot and 3 at the dorsum 
of the foot. The electrophysiological data of the patients showed slowed nerve conduction 
velocities (22.1 ± 3.6 m/s) and reduced CMAPs (3 ± 2.5 mV), consistent with CMT type IA 
disease. For 4 patients, electrophysiological data could not be collected from their medical 
records. The average maximum passive dorsiflexion of the ankle tended to be slightly impaired 
(-6 ± 10°), while the average passive plantar flexion (76 ± 12°) was generally intact. Yet, all 
patients were able to achieve bilateral heel loading, sometimes by hyper-extending the knees. 
Achilles and patella tendon jerks were absent in all but one patient. Joint position sense at the 
ankle and hallux were all intact, except for the eversion/ inversion of the ankle in one patient.
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3.2	Experimental	conditions
All patients and controls successfully completed the experimental protocol. Since the patients 
were more susceptible to exhaustion, they were encouraged to take a break and sit down 
in case of fatigue. The unexpected step-down trials generated a forward propulsion of the 
body, which triggered a fast braking reaction (see also Van der Linden et al. 18). The forward 
propulsion frequently induced a loss of balance in the patients, in which case a physical 
assistant provided extra support. Furthermore, the patients regularly reached for the lateral 
sidebar. In contrast, loss of balance was never observed in the healthy controls. Hence, the 
braking reaction appeared to be less effective in the patients as compared to the controls. 
When the braking was insufficient the patients made a few short corrective steps. Therefore, 
a shortening of the stance phase of the perturbed step was considered a good indicator 
of loss of stability. As is illustrated in figure 2, the stance phase duration of the ipsilateral 
(perturbed) step was significantly shorter in the patients as compared to the controls in the 
trials with an unexpected step down (594 vs 725 ms, p < 0.001). In contrast, the duration of 
the stance phase of the pre-perturbed (contralateral) step did not differ between the patients 
and controls, indicating that both groups approached the platform with similar walking speed. 
Figure 2. Average stance phase durations for the contralateral (pre-perturbed) and ipsilateral (perturbed) step in the 
unexpected step-down condition. The black bar represents the CMT Ia patients (n=11), the grey bar represents the 
healthy controls ( n=11). Error bars represent standard deviation. * = p < 0.05.    
     
 The EMG data of the 3 main experimental conditions (UL, ED and UD) were further 
analysed by averaging the normalized responses of all patients and controls, as is illustrated 
in figure 3. The UL condition contains only UL ≥ 7 trials, that is the trials after there had 
been 6 consecutive trials of level landing in a series of trials where subjects did not know 
beforehand whether they would land on a level or lowered surface (see also methods 2.4). 
Significant group differences, as calculated over 10-ms bins of EMG data, are illustrated by 
the black bars underneath the plots. Only those muscles are illustrated that had significant 
group differences in EMG amplitude in the period of 100 ms before until 150 ms after actual 
foot contact (AFC), namely the MGi, TAi, RFi, BFi and TAc. 
Impaired	responses	when	stepping	down	unexpectedly	in	CMT	disease







   


     















Chapter 6  |  106
    
Figure 3. Average normalised EMG amplitudes for the unexpected level (UL ≥ 7), expected step-down (ED) and 
unexpected step-down (UD) conditions. The black trace represents the average ± 2 SD of the healthy controls (n=11), the 
grey trace represents the average amplitude of the CMT Ia patients (n=11). Significant group differences are illustrated 
by the black bars underneath the plots. Illustrated are the muscles that showed significant group differences in the 
window of 100 ms before to 150 ms after foot contact. Note that these were predominantly found on the ipsilateral side 
(i). The vertical line indicates the moment of actual foot contact (AFC). MG = medial gastrocnemius, TA = tibialis anterior, 
RF = rectus femoris and BF = biceps femoris muscles. i= ipsilateral, c = contralateral 
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 Prior to foot landing (AFC, actual foot contact) the activation patterns in UL and ED 
were quite similar for the patients and the controls, except for some small extra activity in the 
RFi of the patients in the UL condition. After touchdown, however, large differences were seen. 
The most striking feature was the distinct burst in the BFi in the controls, starting some 50 ms 
after AFC in UL. This burst was absent in the patients. Similarly, there was increased activity 
in the TAi of the controls, some 30-70 ms after AFC in UL and ED. This burst was reduced 
(UL, non-significant) and lacking (ED) in the patients. For the MGi in the ED condition, a small 
burst was observed shortly following AFC in the controls, which was delayed in the patients. 
Due to the delay, the patients showed increased MGi activity some 70-100 ms after AFC. 
For the contralateral TAc, the patients showed significantly increased activity in UL and ED, 
starting at ~60 ms after ipsilateral foot contact. In the UD condition, there were strong bursts 
of activity in all illustrated muscles in the period just before and/or after AFC. These bursts 
were significantly smaller in the patients than in the controls. To further analyze the data, it 
was essential to compare the various experimental conditions, both with respect to the actual 
movement made (down versus level; UD–UL, see section 3.3) and regarding the level of 
expectation (unexpected versus expected; UD–ED, see section 3.6)
3.3	Unexpected	step-down	as	compared	to	unexpected	level	(UD-UL)	
To study the exact onset and amplitude of the reflex activity that occurred as a consequence 
of stepping down unexpectedly, the UD condition was compared with the UL condition. In 
the UL condition, the subjects were unaware of the support surface condition. Therefore, 
the surface was approached similarly as in the UD condition. As a consequence, the pre-
programmed anticipatory muscle activity until the moment of expected foot contact (EFC) 
was similar. Illustrated at the top of figure 4 (left) is the average activity of the ipsilateral MGi 
of a healthy subject for the UD and UL condition, aligned at the moment of EFC. For the UD 
condition, EFC occurred 82 ms before actual foot contact (AFC), while for the UL condition the 
two coincided. As can be seen, the absence of expected foot contact at EFC triggered a large 
burst of reflex activity in the MGi, well before AFC.
 To further quantify the reflex amplitude, the average activity of the UL condition was 
subtracted from the UD condition (UD-UL), yielding the plots as shown in Fig. 4 for the CMT 
Ia patients (grey), and the healthy controls (black). The left side represents the response 
amplitude of the ipsilateral, perturbed leg. The right side represents the contralateral, 
unperturbed leg. Reflex activity that is significantly different from zero is indicated by the 
arrows beneath each plot. The difference in activity appears either as positive (UD>UL) or 
as negative (UD<UL) and will be referred to as positive and negative responses. Significant 
group differences are illustrated by the black bars. 
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Figure 4. Unexpected down (UD) versus unexpected level walking (UL ≥ 7). The top of the figure shows the average MGi 
amplitude of the UD and UL ≥ 7 condition of a healthy control (n = 1). The other panels show the subtracted response 
amplitudes: UD-UL ≥ 7. Each bin represents the group average (n = 11) of the response amplitude for a period of 10 
ms, the black squares for the controls, the grey diamonds for the CMT Ia patients. The solid vertical line represents 
the moment of expected foot contact (EFC), the dotted vertical line the moment of actual heel contact (AFC) in the 
UD condition. The moment of EFC in UD was aligned with AFC UL. A positive deflection implies increased UD activity, 
a negative deflection implies decreased UD activity, compared to UL. Bin amplitudes which are significantly different 
from zero (p < 0.05) are marked by the black (control) and grey (patient) arrows beneath the x-axis. Significant group 
differences are illustrated by the black bars beneath the plots. Error bars represent standard error of the mean (SEM). 
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 Bilateral changes in muscle activity were found well before AFC in both the patient 
and control group. The positive response in the ipsilateral leg was characterised by increased 
activity of the MGi and RFi, consistent with our previous study 18. On the contralateral side, 
the positive response was characterised by a clear burst in the TAc and BFc well before AFC, 
followed by increased RFc activity. Negative response amplitudes were seen in the ipsilateral 
TAi and BFi in the period before AFC and originated from activity that was present following 
foot contact in UL, but not in UD (see also Fig. 3). The negative TAi and BFi responses were 
observed only in controls and not in patients, because the latter lacked the activity bursts 
following foot contact in the UL condition. 
 As appears from figure 4, the muscle synergy of the patients and controls was largely 
similar. However, there was a significant reduction in the amplitude of the reflex responses of 
the patients. Well before AFC, the MGi and TAc activity of the patients was strongly reduced, 
followed by significant reductions in TAi, RFi and RFc activity immediately following AFC. In 
order to determine the exact onset of the response synergy, the onset latencies of the positive 
responses were determined quantitatively for each trial (see methods, section 2.5). 
Figure 5. Onset latencies of the muscles involved in the braking synergy, determined by visual detection based on the 
UD-UL comparison. The black bars represent the CMT Ia patients (n=11), the grey bars represent the healthy controls 
(n=11). Error bars represent standard deviation. Asterisks (*) represent a statistically significant group difference (p < 
0.05). Note that the TAi and BFi are not included in the figure, although positive reflex activity was observed in these 
muscles as well. Since the positive activity was preceded by negative activity in the TAi and BFi, it was not possible to 
reliably determine the exact onset latency for these muscles. For this reason, they were excluded from the figure.   
 
 The average onset latencies of the various illustrated muscles ranged from 38 - 72 
ms in the controls and from 64 - 88 ms in the CMT Ia patients (see Fig. 5), indicating that the 
responses of the CMT Ia patients were generally delayed. More specifically, significant group 
differences were found for the MGi, TAc and BFc, which were respectively 48, 27 and 21 ms 
delayed in the patients. To test whether the responses in the various muscles belonged to 
a single synergy the onset latencies were statistically compared with each other. The onset 
latencies of the muscles in the ipsilateral leg (MGi, RFi) did not significantly differ from each 
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other, either in the patient or the control group. On the contralateral side, the onset of the RFc 
was significantly delayed compared to the onset of the TAc and BFc in the controls (ANOVA 
F 7,84 = 4.21, p < 0.01). This difference was not observed in the patients, presumably because 
their TAc and BFc responses were markedly delayed. 
 Theoretically, the patients might have compensated for the delayed onsets by 
increasing the response amplitude. Inspection of figure 3 shows that this was not the case 
and that, on the contrary, later responses were also smaller. Further analysis revealed that the 
onset latency of the MGi and BFc correlated significantly with the amplitude at AFC (90-100 
ms after EFC), indicating that patients with slowed responses indeed had less muscle activity 
at foot contact (Spearman’s rho of -0.79, p < 0.01 and -0.61, p < 0.05 respectively). 
3.4	Kinematic	responses
How did these muscle responses translate into behaviour? As previously described 18, the 
activated muscle synergy resembled a braking reaction. The latter was characterized by a 
flexor response in the contralateral leg, trying to stop the ongoing movement by decreasing 
the push-off force, and an extensor response in the ipsilateral leg, preparing for the delayed 
impact. Based on the less effective braking reaction of the patients, we hypothesized that 
there would be differences between the joint angle trajectories of the patients and controls. 
Before going into detail about these differences, it was necessary to ensure that the basic 
gait pattern of the patients and controls was comparable. Therefore, the average ankle and 
knee trajectories of the UL condition were analysed for the patient and control group, based 
on 10 consecutive trials per person (see Fig. 6). Illustrated is the period of 800 ms before 
until 1600 ms after the step on the platform (ipsilateral foot contact). One of the subjects with 
reduced passive ankle dorsiflexion was excluded from this analysis due to technical difficulties 
during the recording. The average joint trajectories were largely comparable. No significant 
differences in the amplitude of the ankle or knee could be observed, as calculated over 100 
ms bins. Somewhat remarkably, the impaired passive dorsiflexion that was observed in 4 
patients (see table I) did not result in significantly altered average ankle patterns during gait. 
It must be mentioned, however, that the dorsiflexion impairments during passive dorsiflexion 
testing were generally larger than during gait.
Impaired	responses	when	stepping	down	unexpectedly	in	CMT	disease

 
 




  




















 
 

  




















Chapter 6  |  111
Figure 6. Joint angle curves of the ipsi- and contralateral ankle and knee in the UL ≥ 7 condition. The black trace 
represents the average trajectory of the healthy controls (n=11), the grey trace represents the average amplitude of 
the CMT Ia patients (n=9). The vertical dotted line represents the moment of ipsilateral foot contact (iFC). PF = plantar 
flexion, F = flexion. There were no significant group differences in the average ankle or knee angles,  based on 100ms 
bins.
 Since the termination of the ongoing movement in the UD condition originated from a 
flexor response in the contralateral leg, further analysis was focussed on the ankle and knee 
trajectory of the contralateral leg. For this analysis, a comparison was made between the UD 
and the UL condition, since expectations about the support surface condition were similar 
until the moment of EFC in these conditions. Figure 7 illustrates the average ankle and knee 
trajectory of a typical healthy control. It can be seen that the plantar flexion at the end of the 
stance phase was terminated prematurely in the UD condition, and that the knee flexion was 
exaggerated. To quantify this, the onset latencies of these deviations were measured for both 
patients and controls (see arrows in Fig. 7, and methods section 2.5). The group data are 
illustrated in figure 8.
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 For the contralateral ankle, the onset latency of the reaction could be reliably 
identified in 7 patients. For these 7 patients, the onset of the deviation was significantly delayed 
compared to the healthy controls (315 ± 146 ms (n=7) vs 200 ± 53 ms, p < 0.04, see Fig. 8A, 
left). The onset of the ankle deviation in the patients correlated significantly with the activity of 
the TAc at AFC (UD-UL comparison; r = -0.74, p < 0.01) and with the post-landing TAc activity 
(30-60 ms after AFC, UD-ED comparison; r =  -0.79, p < 0.01; scatterplots not shown). Hence, 
patients with reduced TAc activity (an ankle dorsiflexor), had a delayed termination of the 
contralateral plantar flexion. 
 For the contralateral knee, the onset could be reliably detected in 10 patients. The 
mean onset of the enhanced knee flexion was slightly delayed in the patients as compared 
to the controls (168 ± 53 ms vs 132 ± 33 ms) but this was not significantly different (p = 0.08; 
see Fig. 8A, right). For the patients, the onset of the contralateral knee flexion correlated 
significantly with the onset of the BFc burst, as determined from the UD-UL comparison (r = 
0.62, p < 0.05), the amplitude of the BFc activity at AFC (UD-UL comparison; r = -0.69, p < 
0.05), as well as the post-landing BFc activity (30-60 ms after AFC, UD-ED comparison; r = 
-0.72, p < 0.05; scatterplots not shown). Hence, patients with slowed and reduced BFc activity 
(a knee flexor) had a delayed onset of knee flexion in the UD condition.
 To further establish the effectiveness of the braking reaction, the maximum (plantar) 
flexion of the ankle and knee was studied (see Fig. 7 (max) and 8B).  It was hypothesized that 
the patients would not be able to reduce the plantar flexion as much as the controls. This was 
Figure 7. Joint angle curves of the 
contralateral ankle (cAN) and knee 
(cKN) of a healthy control (n=1). The 
panels show the mean ± SD of the UL ≥ 
7 condition (black). Superimposed are the 
average joint angles of the UD condition 
(grey). The onset of the deviation between 
the UD and UL condition is illustrated by 
the arrow. The maximum (plantar) flexion 
following the expected moment of foot 
contact (EFC) is illustrated by the dotted 
lines (max). PF = plantarflexion, F = 
flexion.
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confirmed by the data. The healthy controls showed 12° plantar flexion in the UL condition, as 
compared to 0.2° in the UD condition. In the patients, this reduction in plantar flexion (UL - UD; 
9 – 4°) was significantly smaller (F1,18 = 6.7, p = 0.02; see Fig. 8B, top). 
 Similarly, for the knee, it was predicted that patients would show less extra knee 
flexion in the UD condition. It was found that healthy subjects increased their knee flexion 
with 17° in the UD condition. The increase in knee flexion was indeed smaller in the CMT Ia 
patients (12°), but not significantly different (see Fig. 8B, bottom).
 
Figure 8. A) Onset latency of the kinematic responses in the contralateral ankle (cAN) and knee (cKN), based on the UD-
UL comparison. The black bars represent the CMT Ia patients (n=11), the grey bars represent the healthy controls (n=11). 
Error bars represent standard deviation. B) Maximum (plantar) flexion angle of the ankle (cAN) and knee (cKN) for the UL 
≥ 7 (white) and UD (grey) condition. The left side represents the controls, the right side the CMT Ia patients. * = p < 0.05.
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3.5	Association	between	response	characteristics	and	clinical	symptoms
One of the aims of the study was to identify associations between the reflex response of the 
patients and their sensory or motor deficits. It was hypothesized that strong correlations could 
indicate whether the changes in reflex activity were either primarily due to the sensory or to the 
motor deficits of these patients. For this purpose, a distinction was made between tests aimed 
at measuring the sensory deficits (distal vibration detection threshold, monofilament sensibility 
at the dorsum and ball of the foot), the motor loss (peroneus strength (most severely affected 
muscle)) and secondary biomechanical constraints (maximal passive plantar- and dorsiflexion 
of the ankle; see table II). The clinical outcome measures were correlated with both the onset 
latency and the amplitude of the muscles involved in the braking synergy. 
Table II: Associations between response characteristics and clinical symptoms
Two-tailed Spearman’s rho correlation coefficients between the clinical outcome measures of the CMT Ia patients 
(n=11) and the following EMG characteristics of the braking reaction; A) the onset latency, B) the response amplitude at 
actual foot contact (AFC, UD-UL comparison), C) the post-landing response amplitude, 30-60 ms after the moment of 
actual foot contact (UD-ED comparison). MRC P = average peroneus strength, VDT= average distal vibration detection 
threshold, MON D = monofilament-score at the dorsum of the foot and MON B = monofilament-score at the ball of the 
foot. Electrophysiological findings are illustrated by the NCV = nerve conduction velocity of the peroneal nerve (n=7) 
and CMAP = compound motor action potential of the tibialis anterior muscle (n=7). DF = maximal dorsiflexion and PF = 
maximal plantarflexion. MG = medial gastrocnemius, TA = tibialis anterior, RF = rectus femoris, BF = biceps femoris. i 
represents the ipsilateral, step-down leg; c the contralateral, unperturbed leg. * p < 0.05, ** p < 0.01.
 Significant negative correlations were found between the onset latency of the MGi, 
TAc and BFc, and both peroneus strength and vibration detection threshold (see also Fig. 9 
for scatterplots). This indicates that patients with reduced strength and vibration sense had 
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slowed responses. Recall that the MGi, TAc and BFc represent the ‘fast onset’ muscles in the 
controls (40 ms, 38 ms and 41 ms, respectively). In addition, a longer TAc onset corresponded 
with decreased monofilament sensibility. For the RFi and RFc, which were activated slightly 
later, significant negative correlations were found with the peroneal NCV, indicating that 
patients with a reduced NCV had slower responses. Additionally, the onset of the RFc showed 
a significant negative correlation with the maximal passive dorsiflexion of the ankle, indicating 
that the RFc response was slower, the more the dorsiflexion of the ankle was impaired. 
Figure 9. Scatterplots of the clinical outcome measures of the CMT Ia patients and the onset latency of the MGi and TAc 
muscles (UD-UL comparison). MRC P = peroneus strength, VDT = vibration detection threshold, A.U. = arbitrary units. 
 For the amplitude analysis, the muscle activity at the moment of actual foot contact 
was selected (AFC, 90-100 ms after EFC; UD-UL comparison). Significant correlations 
were found with both sensory and motor tests. The amplitude of the MGi at AFC correlated 
significantly with peroneus strength and vibration detection threshold, indicating that patients 
with decreased strength and vibration sense had less MGi activity at AFC. The BFc amplitude 
correlated significantly with peroneus strength as well. The RFc amplitude correlated 
significantly with monofilament sensibility, indicating that patients with decreased superficial 
sensibility had less RFc activity at AFC. It follows that both the onset latency and the amplitude 
of the braking synergy were related to measures of both sensory and motor function.
  
3.6	Unexpected	step-down	as	compared	to	expected	down	(UD-ED)	
To study the extent to which the post-landing muscle activity was influenced as a consequence 
of the unexpectedness of stepping down, the UD trials were compared with the expected 
down (ED) trials, in which the subjects made the same step-down, while being aware that 
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the surface was down (Fig. 10). Hence, the physical conditions of the tasks were the same 
(5-cm step-down), while the level of expectancy differed (U versus E). To compare the two 
conditions, the data were lined up with respect to actual foot contact (AFC). 
Figure 10. Unexpected versus expected step-down (UD-ED). Top: average MGi amplitude for the UD and ED conditions 
of a healthy control (n=1). The other panels show the subtracted response amplitudes, UD-ED. Both conditions were 
aligned at the moment of actual foot contact (AFC). Each bin represents the group average (n=11) of the amplitude for 
a period of 10 ms, the black squares for the controls, the grey diamonds for the CMT Ia patients. A positive deflection 
implies increased UD activity, a negative deflection implies decreased UD activity (compared to the UL activity). Bin 
amplitudes which are significantly different from zero (p < 0.05) are marked by the black (control) and grey (patient) 
arrows beneath the x-axis. Significant group differences are illustrated by the black bars beneath the plots. Error bars 
represent standard error of the mean (SEM). 
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 At the top of figure 10, the average normalized MGi activity for the UD and the ED 
condition is shown for a single control subject. The traces illustrate that the burst of activity 
that is normally generated in MGi at foot contact in ED, starts earlier and is exaggerated in 
UD. The resulting difference shows up as extra activity in the plot below, which illustrates the 
average subtracted muscle responses (UD-ED) for the total group of patients (grey, n=11) and 
controls (black, n=11). The muscles that were previously identified to play a role in the early 
braking reaction (MGi, RFi, TAc, BFc), again showed extra activity prior to AFC. Following 
AFC, other muscles showed increased activity as well (TAi, BFi, RFc). All reflex amplitudes 
were positive except for the TAi, which showed a brief negative amplitude, originating from 
activity that was present prior to foot contact in ED, but not in UD (see Fig. 10). This brief 
negative amplitude was observed in the controls but not in the patients. 
 In order to further study the amplitude of the post-landing reflexes, the period of 30-
60 ms after AFC was selected, since reflex activity that is elicited by foot landing is expected 
to occur in this period. In the ipsilateral leg, significantly increased post-landing activity in 
this period was found in all muscles in both the patient and control group (Fig. 10, left; see 
horizontal arrows). This indicates that there was co-contraction of the muscles around the 
knee and ankle, 30-60 ms after AFC. In the contralateral leg, both groups showed increased 
post-landing activity in the TAc, BFc, followed by increased activity in the RFc, indicating co-
contraction around the knee and flexion of the ankle in the post-landing period (Fig. 10, right). 
 The amplitude of the post-landing activity was generally smaller for the patients than 
for the healthy controls. Significant group differences were found for the MGi, TAi, RFi and TAc 
(see Fig. 10, black bars), while a non-significant decrease was found for the BFi and BFc. In 
order to identify possible associations between the post-landing amplitude and the motor and 
sensory deficits of the patients, correlation coefficients were calculated (see table II, bottom).
 The amplitude of the post-landing MGi and TAc activity correlated significantly with 
the peroneal NCV. Furthermore, the post-landing BFi amplitude correlated significantly with 
peroneus strength, while the contralateral BFc correlated significantly with monofilament 
sensibility. For the RFi, there was a trend that reduced post-landing activity was associated 
with impaired vibration sense (r = 0.56, p = 0.07). Furthermore, some  associations were found 
with the passive range of motion of the ankle. Reduced passive dorsiflexion was associated 
with reduced post-landing TAi activity, while increased passive plantar flexion was associated 
with reduced BFc activity. 
Impaired	responses	when	stepping	down	unexpectedly	in	CMT	disease
Chapter 6  |  118
4. Discussion 
The main result of the present study in mildly affected CMT Ia patients was the reduction and 
absence of various muscular reactions when stepping on a level and lowered surface, either 
expectedly or unexpectedly. Consequently, the CMT Ia patients had considerable problems 
recovering from the experimental perturbations, while controls showed no loss of balance 
at all. Both motor and sensory pathways could have played a role in the disturbed balance 
reactions of the patients. However, the results are highly indicative of a primary role of the 
sensory afferents, as will be argued in the next sections. 
4.1	Short-latency	reflexes	following	touchdown	are	altered	in	CMT	Ia	patients
A first major finding was the absence, in patients, of short-latency reflex activity in various 
muscles after touchdown. Within the 30-60 ms window after landing, there was a distinct BFi 
burst in controls during level walking (UL), which was absent in the patients. As a consequence, 
controls showed a negative BFi burst in the UD-UL comparison, which was absent in the 
patients. These results are in line with previous studies on reactions to postural perturbations 
during standing and gait in CMT Ia patients 14, 15. In these latter studies it was shown that the 
short-latency reflexes (SLR ~35 ms) were absent, while the medium-latency reflexes (MLR 
~85 ms) were present but delayed. These results were obtained in lower leg muscles, either 
in the flexor digitorum brevis (FDB 15) or soleus (SOL 14). The present results extend these 
findings to the BF muscle in the upper leg.
 The observation that thigh muscles participate in group I mediated reflex activations 
at onset stance during walking, confirms previous suggestions. It was argued that group I 
reflexes could contribute to normally occurring BF activity during gait 6, 34-36. The claim was 
partly based on the finding that short-latency reflexes to BF tendon jerks during both reduced 
(stiff leg) and normal gait, were largest in the swing-to-stance transition 37, 38. Further evidence 
came from a study in which tendon vibration, a powerful source of Ia afferent stimulation, was 
applied to various muscles during gait 12. It was found that BF vibration induced extra activity 
in the BF at onset stance.  
 In the lower leg, distinct short-latency bursts following foot contact were observed 
in the TAi during normal walking (UL) and when stepping down (ED). These TA bursts were 
present in the controls, but less pronounced (UL) and even absent (ED) in the patients. As a 
consequence, the controls showed significant negative TA bursts in both the UD-UL and UD-
ED comparison, which were absent in the patients. Hence, post-landing TA activity might be 
Ia mediated, especially when stepping down. 
         For the MGi, no evidence was seen for short-latency bursts at onset stance during 
normal gait, which is consistent with previous findings that tendon vibration does not induce 
extra EMG activation in that period 12. It should be pointed out that for some muscles such as 
MGi, a group I reflex contribution during later phases of stance during gait is more likely than 
immediately following touchdown 3, 14, 39-42. Previous work on CMT Ia patients is in accordance 
with this suggestion 14. While no short-latency reflexes were seen during level walking, such 
reflexes possibly occur under conditions of more abrupt landing, for example when stepping 
on a collapsing surface 43, 44 and when landing from jumps 24, 45. Consistent with these latter 
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findings, it was found that landing after an expected step-down elicited a small MG burst in 
the controls, which was delayed in the patients. Since the 30-60 ms burst was absent in the 
patients, it is suggested that it normally relies on the presence of large myelinated fibers. 
4.2	Pre-landing	activity:	Braking	reaction	is	delayed	and	reduced	in	CMT	Ia	patients	
Encountering an unexpected step-down of 5 cm during walking triggered a rapid bilateral 
braking reaction, enabling the subject to swiftly put the perturbed foot on the floor and keep 
the body behind the forward leg. The results of the healthy control group (mean age 45 yrs) 
in the current study were consistent with those observed in the younger controls (mean age 
24 yrs) as described in a previous study, thereby illustrating that there were no major aging 
effects within these age groups 18. The results were also consistent with Shinya et al. 20, who 
showed a similar braking synergy and post-landing co-contraction in the lower leg, triggered 
by a ‘completely’ unexpected step-down without a previous warning, after 8 steps of walking. 
 The rapid braking reaction to stepping down unexpectedly was observed both in 
healthy subjects and CMT Ia patients, but the latter group had slower and smaller responses 
compared to the controls. They had significantly increased onset latencies in the MGi, TAc 
and BFc muscles, with an average delay of 26-48 ms. The reduced response amplitudes were 
predominantly found in the distal MGi, TAi and TAc, and to a lesser extent in the more proximal 
RFi and RFc. The delayed and reduced activity in several of the muscles participating in the 
braking synergy occurred in parallel with a less effective braking reaction after touchdown. 
This was illustrated by a shortening of the perturbed ipsilateral stance phase, indicative of a 
larger forward propulsion of the body. The shortened ipsilateral step was often followed by 
some rapid corrective steps in the patients. When the ability to make such rapid steps falls 
short, falls may occur 19. Although falls were not observed in the current study, the patients 
frequently grabbed for the lateral sidebar and some experienced a loss of balance to the 
extent that a physical assistant had to assist. The fact that the braking reaction of the patients 
was less effective, was further illustrated by the delayed and reduced flexion responses of the 
contralateral ankle and knee. For both the ankle and the knee, these delayed onsets were 
associated with the altered EMG characteristics of the CMT Ia patients. 
4.3	Post-landing	activity:	co-contraction	around	 the	ankle	and	knees	 is	 reduced	 in	CMT	Ia	
patients
To investigate to what extent the post-landing responses to an unexpected step down 
depended on the ‘surprise element’, a comparison was made with the responses observed 
following a step-down on a known lowered surface. The subjects performed the same step-
down in both conditions, while they were only fully expecting it in the expected step-down 
condition. It was found that the unexpected step-down elicited a wide co-contraction in 
various muscles following impact, consistent with our previous study 18. This extra activity was 
severely reduced and delayed in the CMT Ia patients, especially in the distal MGi, TAi and TAc 
muscles, which may have resulted in reduced ankle stiffness, resembling findings in diabetic 
polyneuropathy patients 46. The reduced amplitude of the post-landing activity was associated 
with both sensory (tactile sensation) and motor deficits (peroneal NCV and strength), as well 
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as biomechanical constraints (reduced ankle dorsiflexion and excessive plantar flexion).
4.4	Delayed	responses	due	to	afferent	or	efferent	impairments?	
The most prominent feature of the braking synergy was the early activation of the MGi and 
RFi on the step-down side and the TAc and BFc on the contralateral side. These activations 
were present well before touchdown and thus were not induced by afferent feedback due 
to contact with the floor, as they are in other paradigms (i.e. when stepping on compliant 27, 
or collapsing surfaces 26). Previously, it was argued that these pre-landing activations are 
triggered by the absence of expected afferent feedback when passing the level of expected 
foot contact 18. On the other hand, these responses require fast efferents as well. Based 
on the identified correlations with vibration sense and tactile sensation in the current study, 
the group I afferents are likely to play an important role in the onset of the braking reaction. 
Yet, the same holds true for the identified correlations with peroneal NCV and strength. In 
the neurophysiology literature on CMT Ia there is no consensus about the contribution of 
sensory and motor symptoms to disability in patients with polyneuropathy. Some attribute all 
the observed changes in reflexes to the sensory loss 14, 47, while others argue that the slowed 
and impaired efferent system is the principle cause of change 15, 48. Strong evidence for a 
dominant role of the loss of sensory afferents as the source of reduced corrective reflexes was 
obtained in a study in cats treated with pyridoxine 49. In these cats, the efferent system is intact 
but there is selective destruction of large sensory afferents (mostly group Ia) in conjunction 
with delayed postural responses. Overall, this is in line with the present study. Although both 
sensory and motor symptoms were related to the delayed responses, there is evidence for a 
dominant involvement of the sensory system. A major argument is that the delay was similar 
for upper and lower leg muscles, yet proximal muscle strength was always intact in these 
patients. This rules out the possibility that a lack of muscle strength, due to a loss of efferent 
fibers, contributed to the delay in the response of these muscles. 
4.5	Limitations
The kinematic patterns of both groups were largely comparable. Yet, a subgroup of the 
patients showed a substantial reduction in the passive dorsiflexion of the ankle (< -6°, N=4). 
Theoretically, this might have affected their EMG patterns. Therefore, subgroup analysis was 
done for the onset of the EMG responses, the early braking reaction (UD-UL bins) and the 
post-landing activity (UD-ED bins). Occasionally, there were small differences between the 
subgroups, but these never extended beyond a duration of 10 ms. This was presumably 
caused by the fact that the responses triggered by the perturbation were much larger compared 
to the muscle activations during normal gait (see Fig. 3, UL vs UD). Therefore, it is unlikely that 
the reduced passive dorsiflexion strongly influenced the results.
 Theoretically, the identified correlations in the CMT Ia group could have been caused 
by a general ‘disease severity’, including both sensory and motor loss. However, this was not 
the case. The current study included a group of patients which varied in the extent of their 
motor and sensory deficits. Accordingly, no associations were found between their sensory 
(tactile sensation, vibration sense) and motor impairments (peroneus strength: r = -0.05 and r 
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= 0.48, ns), nor between their tactile sensation and vibration sense (r = 0.48, ns). A significant 
association between peroneus strength and dorsiflexion impairments was present (r = 0.87; 
p < 0.01), however, indicating that restrictions in the passive ankle range of motion often 
coincided with reduced distal muscle strength. 
4.6	Implications	for	rehabilitation	
This is the first study to prove that the responses to an unexpectedly lowered support surface 
are impaired in relatively mildly affected CMT Ia patients. It is important to recall that the 
patients were able to walk unaided for at least an hour and did not suffer from severe foot 
deformities (structural pes equinovarus). However, their response to a small change in surface 
height (5 cm) led to large balance disturbances. This finding is consistent with the results of 
DeMott et al., who showed that an uneven support surface is the most common cause of 
falls in polyneuropathy patients (79% 16). Slowed and reduced responses may be one of the 
causes of falls in these patients, since they may not be able to respond adequately to such 
perturbations in daily life. From the present results it can not be concluded whether the delay 
or the decreased responses contributed most to the deficient balance reaction in the CMT Ia 
patients. However, extrapolating from studies on elderly, the amplitude reduction presumably 
plays an important role 50, 51. In conclusion, the present findings indicate that even mildly 
affected CMT Ia patients might experience substantial balance problems in daily life when 
faced with terrain that is lower than expected. Delayed and reduced corrective responses may 
be at the basis of these balance deficits.
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Postural instability in Charcot-Marie-Tooth type Ia patients is strongly associated with 
reduced somatosensation
Marleen H van der Linden, Saskia C van der Linden, Henk T Hendricks, Baziel GM van 
Engelen, Alexander CH Geurts
Pending	revision
Abstract 
In order to determine the influence of somatosensory impairments 
due to the loss of large myelinated fibres, on the postural stability 
of Charcot-Marie-Tooth Ia (CMT) patients, a cross-sectional 
balance assessment was done. Nine CMT patients were 
compared with 8 patients with a distal type of Spinal Muscular 
Atrophy (SMA) and 11 healthy control subjects. The balance 
assessment consisted of 4 tasks: quiet barefoot standing on a 
stable versus compliant surface, with eyes opened or closed. 
Force plate signals were used to calculate the velocity of the centre 
of pressure of the ground reaction forces. The patients’ distal 
muscle force (MRC scale), vibration detection threshold (Rydel-
Seiffer tuning fork) and superficial tactile sensation (Semmes-
Weinstein monofilaments) were clinically assessed. Compared 
to the healthy subjects, postural stability of both patient groups 
was seriously impaired, however, increased visual dependency 
was only found in the CMT patients. The postural instability 
of the CMT patients correlated significantly with decreased 
vibration sense only. The strength of the correlation increased 
with task complexity. It is concluded that somatosensory deficits 
substantially contribute to impaired postural stability and 
increased visual dependency in CMT patients. 
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Introduction
Charcot-Marie-Tooth disease type Ia (CMT) is one of the most frequent neuromuscular 
disorders and is caused by a duplication of the gene that codes the peripheral myelin protein 
22 on chromosome 17 1. As a consequence, both the motor and sensory components of 
the peripheral nerves undergo demyelination and degeneration, causing predominantly distal 
muscle weakness and somatosensory impairments. In CMT type Ia, especially the large 
myelinated nerve fibres (group Ia afferents) are affected 1. The evolving somatosensory 
and motor deficits may affect the ankle strategy, the basic postural control strategy applied 
during quiet stance. Indeed, CMT patients exhibit increased levels of body sway and higher 
regulatory activity during quiet stance, which is further increased when balancing without vision 
2, 3. Increased visual dependency is often considered indicative of somatosensory loss 4, yet 
this is not an established notion.
 The importance of preserved somatosensory feedback for postural stability has 
previously been stressed by significant positive associations between vibration sense, a 
measure of Ia afferent function, and postural instability in various patient groups (e.g. stroke, 
diabetes mellitus, polyneuropathy) 5-11. Similar associations, although less consistently, have 
been found between tactile sensation and postural instability 5, 6, 8, 12, 13. Conversely, in a 
genetically homogeneous group of CMT type Ia patients, Nardone et al. found no significant 
postural instability, nor associations between sway and vibration sense or tactile sensation 14. 
Hence, the influence of the somatosensory loss on postural control in CMT Ia patients remains 
controversial. 
 It has been suggested that postural instability in CMT Ia patients might partly be 
attributable to lower limb muscle atrophy 2. However, most studies failed to demonstrate such 
an association 3, 6, 8, 9, 14, 15, which suggests a minimal force requirement for quiet stance. In 
order to clarify the importance of somatosensation for postural control in CMT Ia patients, we 
propose a novel approach. By comparing these patients to patients with a similar pattern of 
distal muscle weakness, but without the somatosensory deficits i.e. patients with a distal type 
of Spinal Muscular Atrophy (SMA), one can distinguish the influence of somatosensory loss 
from the influence of muscle weakness and atrophy on postural stability. 
Thus, because the pathophysiological mechanisms underlying postural instability in CMT 
patients need further clarification, the present study aims to determine the influence of 
somatosensory impairments due to the loss of large myelinated fibres, on postural control in 
CMT Ia patients, by comparing them to healthy subjects as well as to patients with a distal type 
of SMA. Since ankle-foot deformities might impair the mechanical prerequisites for postural 
control, CMT patients with structural foot deformities are excluded.
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Methods
Subjects
Nine CMT Ia patients (mean age 49.7 ± 8.0 years), who consecutively visited the outpatient 
department of our neuromuscular centre, were compared to eight consecutive distal SMA 
patients (mean age 52 ± 12.2 years). All CMT patients had a proven duplication of the p11.2-
12 region on the short arm of chromosome 17. The SMA patients were diagnosed on the 
following symptoms: distal muscle weakness and atrophy without sensory loss, as confirmed 
by electrophysiological assessment. All patients were able to stand in an upright position 
without aids and had no co-morbidity. Patients with structural pes equinovarus who were 
unable to achieve bilateral heel loading with fully extended knees were not included, as were 
patients who had undergone ankle-foot surgery. Eleven healthy age-matched subjects (mean 
age 58.4 ± 9.5 years) served as a control group. Written informed consent was obtained from 
all subjects. The study was approved by the regional ethics committee. 
Clinical evaluation
All patients underwent a standardized clinical evaluation. Muscle strength of the left and right 
lower extremity was scored on a modified Medical Research Council (MRC) scale, consistent 
with previously published methods for impairment profiles in neuromuscular disorders 16. The 
MRC scale ranges from 0 to 5: 0 indicates no movement; 1 visible contraction only; 2 some 
joint range of motion (ROM) against gravity; 2.75 near full ROM against gravity; 3 full ROM 
against gravity without resistance; 3.25 full ROM against slight resistance; 3.75 movement 
against moderate resistance; 4 movement against strong resistance, but some weakness; 
4.25 movement against strong resistance with slight weakness; and 5 full strength. Leg 
muscle strength was determined for ankle dorsiflexion, plantarflexion, inversion, eversion, 
toe and hallux extension. The strength of these movements was averaged into a distal MRC 
score. In addition, upper leg strength was determined for knee extension, knee flexion, hip 
extension, hip flexion, hip adduction and hip abduction. The strength of these movements was 
averaged in a composite score as well.
 The average tactile perception threshold was determined with Semmes Weinstein 
monofilaments, sized 6.65, 4.56, 4.31, 3.61 and 2.83. A high monofilament number 
corresponds with a low tactile perception threshold. The monofilaments were pushed three 
times against the dorsal and plantar areas of both feet. The monofilaments were applied in 
decreasing number, until the patient failed to consistently detect the monofilament, at which 
point the examiner scored the latest felt monofilament number. Some patients with severe 
sensory neuropathy did not detect any of the applied monofilaments in which case the patients 
received a maximum score of 8. The monofilament scores of both areas were averaged for 
further analysis.
 The vibration detection threshold (VDT) was assessed by means of a 128 Hz Rydel-
Seiffer tuning fork (US neurologics). The tuning fork was vibrated maximally and then applied 
at three locations: the medial and lateral malleolus of the ankle, and the head of the first 
metatarsal bone. Subjects were instructed to respond immediately when they no longer 
perceived vibration, at which point the corresponding number on the tuning fork (ranging from 
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0 (no vibration sense) to 8 (optimal vibration sense)) was scored by the examiner. The distal 
VDT score was calculated by averaging all VDT scores. 
 To grade the functional motor skills of the CMT patients, they performed a 10-m 
walking test and scored their level of perceived physical activity in daily life on a Visual 
Analogue Scale (VAS) ranging from 0-100. During the walking test, subjects walked a 
distance of 10 m, at their preferred speed, with shoes on. The test was performed twice and 
the average duration was determined in seconds. All clinical evaluations were done before the 
posturographic assessment. 
Equipment 
Postural control was measured with a dual-plate force platform. Each plate was placed on 
three force transducers (hysteresis and nonlinearity, <1%) that measured the vertical ground 
reaction forces. The force signals were amplified (non-linearity, <1%) and first-order low-band 
pass filtered (cut-off frequency 30 Hz). The point of application of the resultant ground reaction 
forces was determined in a 2-dimensional transverse plane by off-line moment-of-force 
calculations. The calculations were done for each sample, with a maximum error of ± 1 mm in 
the lateral and anteroposterior directions. Afterwards, the centre of pressure (CP) coordinates 
were low-band pass Fourier filtered (cut-off frequency 6 Hz). Each trial was measured for 30 
s with a sampling frequency of 500 Hz. During the eyes open tasks, subjects were instructed 
to look at a monitor, placed 1.5 m in front of the platform. 
Posturographic	procedure
The subjects stood on the platform with their arms alongside their trunk. Their feet were placed 
against a fixed foot frame, so that the medial sides of the heels were 8.4 cm apart and each 
foot was placed outward with a 9° angle from the sagittal midline. Each task was preceded by 
a 5 s anticipation period followed by a low-frequency starting tone. 
 Each test series consisted of 4 balance tasks in a fixed sequence: standing on a 
stable support surface with eyes open (task 1), with eyes closed (task 2), and standing on a 
compliant surface (foam) with eyes open (task 3) and with eyes closed (task 4). Two complete 
test series were done with the second series in reversed order to neutralize non-specific 
time effects related to e.g. learning or fatigue. To exclude visual input during the eyes closed 
condition, subjects wore a pair of dark goggles. In between the balance tasks there was a 
rest period of at least 30 s. Patients were allowed to sit down and take a longer pause when 
they were fatigued. Physical contact with the investigator or support bars next to the platform 
during the balance tasks was not allowed. If any contact occurred, the test results were not 
stored and the task was repeated.
Data	analysis	
The CP coordinates were used to calculate the root mean square (RMS) amplitude, the RMS 
velocity and the mean frequency in both the lateral and anteroposterior direction. Based on 
previous research, the RMS velocity of the centre of pressure (Vcp (mm/s)) was chosen as 
the primary measure of postural stability, since it is particularly sensitive to high-frequency 
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CP fluctuations (> 0.4 Hz) 17. The level of visual dependency was expressed in a Romberg 
Quotient: eyes closed / eyes open performance.  
Statistical analysis
The posturographic outcomes and Romberg Quotients were compared with repeated measures 
ANOVAs (Analysis of Variance). Group (CMT, SMA, control) was entered as a between 
subjects factor and tested post-hoc with a Bonferroni comparison. Task (4 levels) was entered 
as a within subjects factor and tested for a linear task effect. The clinical characteristics of the 
patient groups were compared with the Mann Whitney U-test. Associations between clinical 
and posturographic outcomes were expressed using Pearson correlation coefficients. The 
level of statistical significance was set at p < 0.05, however, for the correlation coefficients the 
level of significance was adjusted for the number of balance tasks to p = 0.025 18. 
Results
Patient	characteristics
The characteristics of the CMT Ia patients are summarized in table I. Compared to the SMA 
patients, they had significantly lower distal VDT (mean ± SD: CMT 3.2 ± 1.5 vs SMA 4.9 ± 
1.8, p = 0.03) and higher monofilament scores (CMT 5.5 ± 1.6 vs SMA 3.9 ± 0.4, p = 0.01). In 
contrast, the distal motor impairments tended to be more severe in the SMA group (CMT 4.3 
± 0.6 vs SMA 3.7 ± 0.8, p = 0.05). The SMA patients tended to be slower on the 10-m walking 
test as well (CMT 7.9 ± 0.4 s vs SMA 8.8 ± 1.2 s, p = 0.05). Upper leg strength was generally 
intact in both groups (CMT 4.9 ± 0.2 vs SMA 4.6 ± 0.5, p = 0.051). No group difference was 
found for the level of perceived physical activity (CMT 64 ±19 vs SMA 60 ± 27, p = 0.74). 
Table I: CMT Ia patient characteristics
M = Male, F = Female, Foot def = foot deformities, PC = pes cavus, PE = reversible pes equinovarus, VDT = vibration 
detection threshold, MON = monofilament, MRC = modified medical research council scale for muscle strength, 10m = 
10 meter walking test, PA = perceived physical activity, VAS = visual analogue scale. VDT and MRC scores represent 
distal averages. The MON score represents an average of the dorsal and plantar areas of both feet.
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Balance results
The Vcp values of the CMT and SMA patients during barefoot standing are depicted in figure 
1, together with the values of the healthy controls. For two patients (1 CMT, 1 SMA) standing 
on foam with eyes closed was too difficult and, despite several attempts, they were not able 
to remain in an upright position for 30 s without assistance. For further analysis, their missing 
values were extrapolated from the individual values of standing on foam with eyes open, by 
multiplying them with the average parameter increase in the respective patient group. Both 
patient groups showed significantly higher Vcp values compared to the healthy subjects, both 
in the lateral (F2,25 = 6.49, p = 0.005) and anteroposterior directions (F2,25 = 6.66, p = 0.005). All 
Vcp values increased with increasing task complexity, being the highest for the eyes closed 
on foam condition (linear task effect: F3,23 = 50.48, p < 0.01). However, the effects of task 
complexity were larger in the patients as compared to the healthy controls (group x task 
interaction: lateral F3,24 = 5.49, p = 0.005; anteroposterior F3,24  = 4.27, p = 0.02). There were 
no group differences in any of the absolute balance parameters between the CMT and SMA 
patients.
Figure 1. Results of the balance assessment, expressed as RMS velocity of the centre of pressure in the anteroposterior 
(Vcp AP, A) and lateral (Vcp LAT, B) directions. The group means and standard errors of standing with eyes open and 
eyes closed on a stable and compliant surface are illustrated for the CMT Ia patients (n=9), SMA patients (n=8) and 
healthy controls (n=11). * = p < 0.05
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Visual dependency
Figure 2 shows that the Romberg Quotients of the CMT patients were on average 35% higher 
compared to the SMA patients and healthy subjects. This finding was most pronounced in 
the anteroposterior direction (F2,25 =  6.97, p = 0.004). In the lateral direction, the Romberg 
Quotients were only higher when standing on foam (group x foam interaction: F2,25 = 5.1, p = 
0.01). The Romberg Quotients of the SMA patients and healthy controls did not significantly 
differ from each other. 
Figure 2. Visual dependency, expressed as a Romberg Quotient, of the RMS velocity of the centre of pressure in the 
anteroposterior (RQ Vcp AP) and lateral (RQ Vcp LAT) directions. The group means and standard errors are illustrated 
for the CMT Ia patients (n=9), SMA patients (n=8) and healthy controls (n=11). * = p < 0.05.
Associations of balance and motor skills with clinical characteristics 
The Vcp values of the CMT patients were strongly related to their vibration sense in both 
the lateral and anteroposterior directions, as is shown in table II. When standing on foam 
with eyes open, the correlation coefficients were highest (r = -0.87, p < 0.01, anteroposterior 
direction; r = -0.74, p < 0.025, lateral direction). The Vcp values did not significantly correlate 
with the monofilament scores. The Vcp values did not correlate with the MRC scores either. 
In addition, the clinical characteristics showed no significant associations with the level of 
perceived physical activity and the 10-m walking test. As for the SMA patients, no significant 
correlations were found between the sensory or motor functions on the one hand and postural 
control or functional motor skills on the other hand. 
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Table II: Associations between the postural instability and clinical characteristics of the 
CMT Ia patients
Illustrated are two-tailed Pearson correlation coefficients for the CP velocity in the lateral (Vcp LAT) and anteroposterior 
(Vcp AP) directions with the distal vibration detection threshold (VDT), the average monofilament score of the dorsal 
and plantar areas of both feet (MON) and the distal muscle strength (MRC). EO= eyes open, EC=eyes closed, +F= with 
foam.* = p < 0.05, ** = p < 0.001.
Discussion
The primary goal of this study was to determine the influence of somatosensory impairments, 
due to the loss of large myelinated fibres, on postural control in a genetically homogeneous 
group of CMT type Ia patients. In an attempt to disentangle the effects of somatosensory loss 
from the effects of muscle weakness and atrophy on postural control, a novel approach was 
used in which CMT Ia patients were compared to healthy subjects as well as to patients with 
a distal type of SMA. Both the CMT and the SMA patients showed greater postural instability 
compared to the age-matched controls. The degree of postural instability increased with task 
complexity. The CMT patients showed increased levels of visual dependency compared to 
the healthy controls and SMA patients. The SMA patients, in contrast, did not show increased 
levels of visual dependency compared to the healthy controls. This result corroborates the 
notion that increased visual dependency is a direct consequence of somatosensory loss 4.
 The CP velocity of the CMT patients consistently showed strong negative correlations 
with vibration sense, which is in accordance with previous findings in various patient groups 
3, 6. Generally, correlation strengths were higher for the more complex tasks, such as standing 
with eyes closed or on foam. Presumably, standing in a challenging environment relies more 
heavily on an intact proprioceptive system, which has been demonstrated in diabetic patients 
as well 6, 8. The observed correlation between vibration sense and postural control seems 
in contrast with the findings of Nardone et al. 14, 15. This discrepancy might, however, be 
explained by methodological differences with respect to the posturography. Loss of vibration 
sense induces particularly high-frequency sway, which is well reflected by the CP velocity 10, 
but poorly by the area of sway as reported by Nardone et al. 17.
 The balance parameters did not strongly correlate with tactile perception, which 
suggests that foot sole exterocepsis in CMT patients is less important than proprioception 
by the large diameter afferents, such as vibration sense. This is in accordance with previous 
findings 19. There was no significant correlation between postural stability and leg muscle 
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strength in both the CMT and SMA group, which is in accordance with findings in other patient 
groups as well 3, 6, 8, 9, 14, 15. Yet, it would not be justified to conclude that muscle strength is not 
important for balance, since the SMA patients, suffering solely from distal muscle weakness, 
clearly showed postural instability. Lack of association between balance and muscle strength 
may well be due to the relatively low variability of the MRC scores in both groups that 
were, on average, relatively mildly affected. Future studies, including more variability of leg 
muscle strength and using more accurate methods to assess muscle weakness, such as 
dynamometry, might shed more light on this issue. 
 It must be acknowledged that the present study included a relatively low number of 
patients. Yet, significant associations between vibration sense and postural instability were 
consistently shown, in accordance with other patient studies 9. In the current sample of CMT 
patients, vibration sense and muscle strength were not significantly associated. Hence, the 
observed correlations between vibration sense and postural control cannot be explained by 
global sensorimotor deterioration, but are specific for the somatosensory loss in the CMT 
patients. Foot deformities in the current CMT sample were only mild. The ankle range of 
motion of the CMT patients was slightly reduced (58 ± 18°, normally 70°), mainly affecting 
the dorsiflexion mobility of the foot. Yet, this did not affect the average CP position in the 
anteroposterior direction, which was calculated as a percentage of foot length from the rear of 
the base of support (CMT 39.6 ± 4.6% vs SMA 37.0 ± 6.0%). Therefore, it seems unlikely that 
emerging foot deformities influenced the results.
In conclusion, this study underscores the functional impact of somatosensory impairments due 
to the loss of large myelinated fibres, on postural control in mildly affected CMT Ia patients. 
The CMT patients showed similar levels of postural instability as patients with distal SMA, 
but an increased reliance on visual information, especially when standing on a compliant 
surface. Proprioceptive deficits, in particular impaired vibration sense, strongly correlated with 
the postural instability of the CMT patients. These results warrant further research into the 
efficacy of physical interventions to promote somatosensation in CMT patients, for instance 
by means of vibrating insoles 20. 
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General discussion
The primary focus of this thesis was to provide insight in the pathophysiological mechanisms 
underlying the balance and gait impairments of CMT type I patients, in order to identify targets 
for rehabilitative interventions. The investigations in this thesis addressed the following topics: 
firstly, the amount of ambulatory disabilities in a sample of well-ambulant CMT type I patients, 
secondly the requirements for a successful balance corrective response after an unexpected 
change in support surface height during walking, and thirdly the role of somatosensory and 
motor loss on the corrective responses following perturbations of gait and balance in CMT 
type Ia patients.
In this chapter, a brief overview will be given of the main findings of this thesis, which is 
followed by an elaboration on the methodological issues considering the development of the 
new experimental set-up. Finally, limitations, clinical implications and future perspectives will 
be addressed. 
The most striking result from the experimental studies was that sensory impairments play 
a substantial role in the impaired responses to perturbations of balance and gait in CMT 
Ia patients. In chapter	 7, it was shown that postural instability correlated consistently with 
proprioceptive loss. In chapter	6, it was shown that the delay of the braking reaction following 
an unexpected step-down was proportionate to the degree of proprioceptive loss as well. As a 
consequence of the delayed and reduced braking reaction, flexion responses were impaired 
and loss of balance was observed. Furthermore, it was shown that part of the short-latency 
reflex activity following foot contact was absent in the CMT Ia patients, indicating that this 
activity is mediated by the large myelinated afferents as well. As a consequence of the absent 
short-latency reflex activity, the co-contraction around the knee after an unexpected step-
down was reduced. All of these findings underscore the important functional role of large 
afferent input in normal and perturbed balance and gait.
 Reduced muscle strength played an important role in the balance and gait impairments 
as well, although its role was less evident. As appeared from the data of the SMA patients 
in chapter	7, loss of distal muscle strength induced postural instability. Nevertheless, there 
appeared to be no direct association between distal muscle strength and instability. Similarly, 
when recovering from an unexpected step-down, sensory loss rather than distal muscle atrophy 
seemed responsible for the delayed braking reaction in CMT patients (chapter	6). 
 Another important finding was that balance and gait manipulations provided valuable 
information about the compensatory strategies and impairments of CMT Ia patients. It was found 
that postural instability increased with task complexity, which indicates that patients have less 
sensory and motor compensatory capacity as compared to healthy subjects. Furthermore, it was 
found that increased visual dependency is a compensatory mechanism that is selectively found in 
patients suffering from somatosensory loss. Finally, it was shown that even mildly affected CMT Ia 
patients suffer from substantial loss of balance during gait when they are faced with a challenging 
environment that requires fast corrective reflexes. The observed balance and gait impairments 
would have gone unnoticed had the patients not been exposed to these challenging situations.
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 The new experimental set-up elicited some interesting findings as well. It was 
found that a step on an unexpectedly high surface induced a brief yield and unloading of the 
leg. Foot landing strategies played a substantial role in this yield, since the unloading was 
particularly large following a flatfooted landing. In contrast, a step on an unexpectedly lowered 
surface triggered a fast bilateral braking reaction. A remarkable finding was that the non-
perturbed stance limb delivered a major contribution in the arrest of the forward propulsion of 
the body by active (dorsi)flexion of the ankle and knee. Chapter	6 showed that the sequencing 
of the muscle synergy was robust to effects of aging and neuropathy, whereas the timing and 
magnitude of the response were clearly affected by the sensory and motor impairments of the 
CMT Ia patients.
In summary, CMT Ia patients experience substantial balance problems, both static and 
dynamic, when faced with challenging terrain. The loss of balance is proportionate to the 
amount of proprioceptive loss, as well as to motor symptoms.
Development of a new experimental set-up
In the current thesis, balance corrective responses have been tested with a ‘foot in hole’ 
set-up. This new experimental set-up proved highly successful in detecting deficits in such 
corrective responses. Low variability in the responses of both young and middle-aged healthy 
subjects, as well as patients indicated a high reproducibility. Since the publication of the first 
results, several groups have used similar methods. Van Dieën et al. measured the kinetics 
and kinematics of healthy young adults who encountered an unexpected step down of 10 
cm. They found an increased forward momentum of the body followed by a rapid step of 
the non-perturbed leg, which is in accordance with the results in chapter	3 1. More recently, 
Shinya et al. studied an unexpected stepdown of 6.5 cm 2. However, as opposed to the 
warning about the possibility of a step-down in the current set-up, Shinya et al. investigated 
a completely unexpected stepdown, without a previous warning. Since pilot data had shown 
that anticipation of a step-down induced a more cautious gait pattern 3, this could have led to 
different results. Yet, the results of Shinya et al. were very similar. They showed an identical 
muscle synergy, characterised by a fast activation of the ankle plantarflexors. In addition, they 
found similar muscle co-contraction after landing and adaptive cautious gait in the subsequent 
steps. Nevertheless, their responses seemed a bit later (onset latency MGi 97 ms vs 47 ms in 
chapter	5), presumably due to differences in measuring techniques. In their experiments, the 
moment of expected foot contact was determined by a deviation in the position of the ankle 
of more than 2SD, measured by cameras at 125 Hz, while we used infrared sensors sampled 
at 1000 Hz. 
 Although the onset latencies, as detected in chapter	5, appear to be very fast, it is 
striking that other groups have confirmed these observations. Nielsen et al. recently studied 
a sudden drop in the support surface during the stance phase of gait and found similar onset 
latencies (soleus muscle: 49 ms) 4. Furthermore, they were able to show that this early reflex 
activity was likely to be mediated by muscle spindle afferents, using experiments in which they 
arrested ankle rotation with an ankle-foot orthotic.
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 The various foot landing strategies that can be used for stepping down, have recently 
gained more scientific interest as well 5, 6. The strong individual preference for a certain type of 
foot landing, as observed in chapter	3, has been confirmed by van Dieën et al. 6. Furthermore, 
it has been shown that anticipation of an upcoming step-down, while being deprived of visual 
feedback, makes young adults switch to a forefoot landing (chapter	 3). This strategy was 
probably chosen since it is more stable and provides more initial sensory feedback than a heel 
landing. Therefore, the forefoot landing might be considered a ‘cautious step-down strategy’. 
Along these lines, van Dieën et al. recently showed that elderly select a forefoot landing more 
often than young adults, when stepping down 5-15 cm with visual feedback 6.
 
Limitations 
The new experimental set-up had some limitations, which will be discussed in the following 
section. In the current set-up, the patients were instructed to come to a full stop in approximately 
4 steps after the perturbation. This may have hampered their normal balance recovery 
strategy. A common strategy in the elderly is to make multiple short steps after being tripped 7. 
Hence, a longer walk-way is required in order to investigate whether CMT patients are able to 
successfully use alternate strategies such as the multi-step strategy as well. Furthermore, the 
assessment of dynamic balance deserves further attention. In the current thesis, data of the 
subjects’ centre of pressure, lower limb kinesiology and step cycle times were combined to 
address the subjects’ dynamic balance. Yet, some subjects made vigorous arm movements. 
These arm movements might contribute to balance control, but might also reflect a grasping 
movement for external support 8, 9. Further investigations using inverse dynamic full-body 
models might optimise the insights in whole body dynamic balance. 
 Furthermore, it is important to emphasize that the conclusions in the current thesis 
are based on a highly selective population of mildly affected CMT type Ia patients. The 
consequence of studying such a selected population is that the results cannot be generalised 
to other groups of patients. Nevertheless, the detrimental effects of proprioceptive loss on 
balance corrective responses might apply to other peripheral pathologies, such as diabetic 
polyneuropathy, as well. 
Clinical implications  
Currently, rehabilitation programs are focused on an optimization of daily functioning and 
preservation of social participation. Based on the current thesis, in which it was shown that 
CMT patients are less physically active and experience high levels of pain, discomfort, fatigue 
and ambulatory disability, this approach seems justified. The determinants of the balance and 
gait related disabilities were further addressed by experimental studies. Based on the results 
of the experimental studies, it was concluded that sensory impairments play a substantial role 
in the impaired static and dynamic balance impairments of CMT Ia patients. Hence, sensory 
impairments should be considered as a relevant determinant of the patients’ functional level. 
Reduced muscle strength plays an important role as well, although its precise role is less 
clear. In addition, it has been shown in chapter	 6 that reduced ankle range of motion, in 
particular impaired dorsiflexion, can significantly hamper balance corrective responses. All 
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of these findings bear clinical meaning and should be addressed in a routine assessment of 
polyneuropathy patients in daily practice (see table I). 
Table I: Routine assessment of Charcot-Marie-Tooth patients in daily practice
Based on the results of chapter	6	and	7, both the physician and the patient should be aware 
of substantial postural and dynamic instability as a consequence of sensory loss. In the future, 
vibration sense, as measured by means of a semi-quantative tuning fork, might serve as a predictor 
for instability and falls. To further reduce the risk of falls and fall related injuries, patients might 
benefit from functional training 10. By practicing with high-risk situations such as an unexpected 
step-down, patients may develop alternate, compensatory strategies using more proximal muscle 
groups. Consequently, strength training of the proximal muscles might be beneficial. 
 Currently, physical interventions such as modified footwear and walking aids are 
frequently prescribed to CMT patients. As appears from the present findings, these walking aids 
are not always in line with the patients’ experienced ambulatory disabilities (chapter	2). Therefore, 
more insight in the mechanisms underlying the effectiveness of modified footwear and walking 
aids is necessary. In the next section, a brief overview will be given of its proposed effects on 
balance and gait. 
 It is known that footwear can influence the sensory input from the sole of the foot. The 
effects can be both negative and positive. Soft and thick insoles further reduce foot position 
awareness by which they negatively influence static and dynamic balance 11, 12. In contrast, insoles 
that increase foot somatisation can improve balance in elderly and patients with peripheral nerve 
disorders 13. Tactile and proprioceptive feedback can be mechanically enhanced by increased 
plantar edges and insoles with small embedded pads (diameter 1-3 mm) 14. This is based on the 
paradigm of subsensory stimulation: the potential of the neuron is brought closer to the threshold 
for firing in the presence of a continuous weak signal. It has been shown that enhanced foot 
somatisation can improve postural control and the efficacy of stabilizing reactions following 
unpredictable postural perturbations 14, 15. It may also result in improved postural control and a 
reduced fall-risk 13. Lately some new sensory feedback enhancing techniques have been developed 
such as subsensory vibrating insoles 15-17. The latter development is especially promising in the 
light of the important role of proprioceptive feedback for static and dynamic balance, as identified 
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in the current thesis.
 In more advanced cases of CMT disease, footdrop develops, which creates the need 
for ankle stabilisation. Yet, ankle immobilization appears to have a negative effect on balance 19. 
As appeared from chapter	6, restricted ankle dorsiflexion also impairs the corrective responses 
following an unexpected step-down. Currently, flexible ankle-foot orthoses (AFOs) are available. 
Previous studies indicated that these AFOs contribute significantly to postural control and mobility, 
by increasing sensory input, without restricting ankle dorsiflexion 20, 21. Whether these AFOs induce 
a similar positive effect on the braking reaction following a step-down remains to be investigated.
 Lastly, the effect of canes and walkers on balance needs to be addressed. It has been 
shown that increased sensory feedback from the fingertip, as provided by canes, can reduce 
postural instability 22, 23. In addition, walking aids provide mechanical support and improve 
mobility 24. Yet, they also interfere with balance correcting responses following a perturbation 
and are associated with an increased fall-risk 25, 26. Since the fast braking reaction following a 
step-down in the current thesis was associated with vigorous arm movements, it remains to be 
investigated whether these walking aids have a positive or negative effect on dynamic balance.
 
Future perspectives
In the current thesis, multiple associations have been found between clinical measures and the 
static and dynamic balance of CMT type Ia patients. The experimental studies are among the first 
that have studied the pathophysiological mechanisms of impaired balance and gait in CMT disease. 
Significant associations have clearly been shown, especially between measures of proprioceptive 
loss and the timing, magnitude and effectiveness of static and dynamic balance reactions. 
Nevertheless, the current results reveal only a small part of the overall picture. Although significant 
correlations were consistently found, the gained insights warrant future efforts to determine the 
strength of these associations. Similar studies, using larger and more heterogeneous patient 
samples might identify clinical predictors for instability and true falls. In addition, new methods are 
needed to better quantify fine motor control at the level of the (fore)foot. 
 As appeared from chapter	4, foot landing strategies play a substantial role in the yield 
of the leg following a step on an unexpectedly high surface. The unloading of the leg was larger 
following a flatfooted landing. Due to the emerging dorsiflexion impairments in CMT Ia patients, 
the number of flatfooted landings during gait increases in this patient group. Based on this notion, 
it would be very interesting to investigate the yield of the leg in CMT patients. 
 As it has been argued that the current experimental set-up of the unexpected step-
down does not necessarily translate to fall-risk in daily life, the walkway should be extended to 
detect alternate compensatory stepping responses. At this point, one should recall the schematic 
overiew of the research paradigm, as proposed in the introduction of the current thesis (see Fig. 
1). The associations and topics that have been studied in the current thesis are illustrated by the 
black arrows and bold letter type. The grey arrows represent hypothetical (dashed lines) or proven 
(solid lines) associations.
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Figure 1. From DNA to disability: a schematic overview of the research paradigm, as proposed in chapter	1. Left: the 
potential determinants that are involved in the overall relationship between the pathophysiological impairments and 
ambulatory disability in Charcot-Marie-Tooth patients, stratified in accordance with the ICF classification of the functional 
health (right). Grey arrows illustrate hypothetical (dashed lines) or proven associations (solid lines). The black arrows and 
bold letter type represent the associations and topics that have been studied in the current thesis.
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From this overview, it can be concluded that some of the proposed associations have not 
received much scientific attention yet. For example, the effects of foot deformities and reduced 
ankle dorsiflexion on balance and gait deserve further investigation. Furthermore, the ability of 
CMT Ia patients to perform more complex motor skills has not received proper attention thus 
far. Previous research has shown that sensory and motor loss in CMT Ia patients does not 
necessarily result in a poor motor performance 27. Learned motor functions can be performed 
almost flawless. However, patients may be using increased levels of cognitive control. A 
frequently used method to investigate the processing capacity that is needed to perform a 
complex motor task, is to simultaneously perform an attentional dual task. As soon as the total 
processing capacity of the brain is exceeded, performance of at least one of the tasks will 
decline. 
 In the current thesis, complex motor skills have been tested with the ‘foot in hole’ set-
up. However, it would be useful to include other tasks of dynamic balance as well. A set-up 
that has been frequently used in relation with dynamic balance is obstacle avoidance during 
treadmill belt walking (see Fig. 2). In obstacle avoidance, an obstacle is dropped in front of 
the foot. When the obstacle is noticed, fast adjustments in the gait pattern need to be made 
in order to successfully avoid contact with the obstacle. In this set-up, delayed afferent input 
 is not expected to impair the avoidance reaction, 
 since the obstacle avoidance reaction is visually 
 triggered. Hence, successful clearance of the 
 obstacle will predominantly depend on the flexibility 
 of the motor output system. Preliminary results 
 in 11 CMT Ia patients indicate that they have a 
 decreased ability to successfully avoid suddenly 
 appearing obstacles during walking, especially 
 when the available response time is low (unpublished 
 data). When the patients’ attention is divided, the 
 success rates further decrease. This indicates that 
 obstacle avoidance in CMT Ia patients demands 
 more cognitive control, placing them at an increased 
 risk for falling in daily life. Hence, further investigation 
 of complex motor skills in CMT patients is warranted. 
 In addition to the motor skills of the lower extremity, upper extremity function 
in CMT disease deserves further scientific attention. Measures of strength and motor 
axonal loss have shown correlations with manual dexterity and hand function 28, 29. 
Nevertheless, other factors such as proprioception and visual-motor integration may 
influence the fine-motor tasks as well. Identifying the factors that contribute to the 
difficulties with fine motor tasks such as handwriting may enable more targeted therapies 
for CMT patients. Preliminary results of a writing pad experiment indicate that CMT Ia 
patients make an increased amount of errors if they replicate a previously practiced 
 
 
Figure 2. Complex motor tasks: obstacle 
avoidance set-up. Subjects are instructed 
to avoid contact with the obstacle that is 
repeatedly dropped in the front of the left foot, 
while walking on a tredmill belt.
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drawing task in another direction, without visual input (unpublished data). This indicates 
that reduced joint position sense and proprioception may contribute to impaired manual 
dexterity as well.
 In the end, further insights are necessary to improve rehabilitation strategies aimed 
at functional recovery in CMT patients. Further fundamental knowledge about the effect of 
sensory and motor loss on balance and gait may lead to the development of standardised 
procedures for the clinical assessment of individual performance and may provide a valid 
base for intervention studies. Possible targets for intervention studies are illustrated in table 
II. For example, it would be of interest to examine whether, and to what extent inadequate 
components within muscular synergies can be selectively suppressed. As previously argued, 
sensory excitability nor muscle strength of denervated muscles can be trained. Nevertheless, 
training on a more functional level, such as practising stepping and reaching movements on 
a balance training apparatus, has shown positive effects 30. In addition, research directed at 
the influence of walking aids on perturbations of static and dynamic balance in CMT patients 
is highly indicated.
Table II: Targets for intervention studies
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Summary
Part 1: Research paradigm
In chapter 1, the aim of the current thesis was clarified. In order to identify targets 
for rehabilitative interventions, this thesis was aimed at providing more insight in the 
pathophysiological mechanisms underlying the balance and gait impairments of CMT type Ia 
patients. It was argued that experimental set-ups that induce manipulations and perturbations 
of normal balance and gait are necessary to properly identify compensatory mechanisms, 
such as increased visual and cognitive control. In chapter 2, ambulatory disabilities were 
evaluated in a sample of 75 well-ambulant CMT type I patients. Compared to healthy 
subjects, patients were more fatigued and less physically active. The total patient sample 
showed marked distal paresis (mean MRC = 3.3), a high level of pain- discomfort (76 %), 
but normal levels of employment (62.7%) and anxiety- depression (20%). A total of 72% of 
the patients experienced significant ambulatory disabilities. The patients with ambulatory 
disabilities had increased age, fatigue, degree of paresis, and decreased levels of physical 
activity and general health, compared to patients without ambulatory disability. Ambulatory 
disability could be partly predicted based on the patients’ estimated maximum walking duration 
and the amount of distal paresis. Walking aids were used by 49% of the patients. These 
patients were older, less active, had less muscle strength, and experienced more problems 
with ambulation, mobility and fatigue than non-users. Nevertheless, 41% of the patients that 
reported ambulatory disability did not use any form of walking aids, which suggests that the 
use of walking aids in these cases was not optimal. 
Part 2: Introduction of a new experimental set-up
Unexpected absence of foot contact during walking, which resembles stepping in a hole, 
had received little attention thus far, despite obvious clinical relevance for everyday falls. 
Stepping on an unexpectedly lowered surface requires that subjects rapidly adjust their foot 
placement and limb loading in order to restore dynamic stability. In chapter 3, the effects of 
an unexpected step-down of 5 cm on foot placement and limb loading were evaluated. Twelve 
healthy young adults participated. The unexpected step-downs typically resulted in a heel 
landing (74%) and an earlier first loading peak. Furthermore, the loading was more on the 
lateral side of the foot, increasing the risk for ankle inversion. After landing, these unexpected 
step-downs were characterised by a fast forward movement of the body’s centre of pressure. 
In the ensuing stance phase, the perturbed leg was rapidly unloaded, as indicated by a 
reduced stance phase duration and push-off force. This stance phase shortening was most 
pronounced in the first unexpected step-down, which most closely resembles an unexpected 
step-down in everyday life. No other trial effects were observed.
 When aware of the step-down, a generalised cautious gait pattern was observed. 
The duration of the step prior to the step down was lengthened. On the perturbed side, an 
increased number of combined and forefoot landings was observed (76%). This strategy 
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enables subjects to evaluate the support surface, before they shift their full body weight to the 
perturbed leg. With this strategy, gravitational energy can also be more effectively absorbed 
than with a heel landing, by eccentric contraction of the calf muscles. However, increased 
plantar flexion at foot contact is also a known risk factor for ankle sprains. Despite the risk 
for ankle instability, subjects in the current study were very prone towards using a forefoot 
or combined landing when they were aware of the step-down. The effect of prior knowledge 
about the step-down appeared to be subject-specific. Some subjects were very rigid in their 
step execution and landed heel first in both step-down conditions, others made a clear switch 
in foot placement when aware of the step-down. Habituation had no influence on foot landing 
in both the unexpected and the expected situation. 
 In chapter 4, the effect of foot placement on early limb loading was further elaborated 
on. The impact phase during walking was sometimes characterised by an early loading peak, 
termed ‘transient’, followed by a brief decline in the force profile, termed ‘unloading phase’. It 
was hypothesized that these transients occur more frequently when subjects are unaware of 
the landing condition, and that the unloading phase represents a yield of the leg. In addition, 
associations between the unloading phase and type of foot placement, load-rate, kinesiology 
and centre of pressure were investigated. 
 The transient occurred most frequently when subjects were unaware of the support 
surface height. The occurrence of the transient was particularly high in the first trial of level 
walking after an unexpected step-down (98%). The amplitude of the unloading was higher 
in flatfooted (combined), as compared to heel and toe landings. Presumably, the ability to 
smoothly absorb energy by eccentric contraction of the ankle plantar- or dorsiflexors, such 
as normally observed in heel and toe landings, is impaired in this position. Furthermore, the 
unloading amplitude was significantly associated with load-rate, indicating that a higher speed 
at impact induced a larger unloading.
 The percentage of combined landings, as well as the amplitude and duration of 
unloading were highest in the first unexpected level trials and gradually decreased in the 
subsequent level trials, when subjects adapted to the situation. Following the unloading phase, 
the foot roll-off halted, the ipsilateral knee flexed, the double support phase increased, and the 
onset of the contralateral swing phase was postponed. The unloading amplitude correlated 
significantly with knee flexion and thus yield of the leg. In the healthy subjects, loss of balance 
was not observed. However, the yield of the leg might pose a threat to stability in patient 
groups. Further research is warranted to fully understand the impact of early stance transients 
on stability in patients.
 When the moment of foot contact differs from the one expected, a fast response 
is needed. Such a mismatch can be caused by hitting a support surface earlier or later than 
expected. The corrective responses to such perturbations were studied in chapter 5. In the 
case of a lower than expected surface, the absence of expected heel contact triggered a fast 
bilateral braking reaction, 47-69 ms after passing the level surface and well before the actual 
heel contact (21- 43 ms). The muscle synergy resembled a fast braking reaction, which was 
achieved through short-latency bilateral muscle activations. On the perturbed step-down side, 
the MG was the first muscle activated followed closely by the RF, which induced an ankle 
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plantar flexion and knee extension. On the non-perturbed side, the TA and BF were activated, 
resulting in a flexion of the knee. The trigger for this response must have been the absence of 
foot contact at the point of expected landing on the perturbed side, or the increased duration 
of foot contact on the non-perturbed side, signalled by either stretch- or load-receptors. 
Following the delayed heel contact, enhanced activity was found in the MG and RF muscles of 
the perturbed leg, resulting in a co-contraction around the knee. This specific muscle synergy 
was presumably activated to absorb the delayed impact and arrest the forward propulsion of 
the body.
 When the support surface was hit earlier than expected, the limb was not yet prepared 
for impact as was shown by an increased plantar flexion and diminished TA activation at 
foot contact. As a consequence, the leg yielded, as indicated by a brief unloading period 
at 40-78 ms after touchdown. The yield of the leg coincided with reflex responses at 46-81 
ms after foot contact that flexed the perturbed knee (TA, BF, RF) and extended the other 
knee (MG, BF) in order to unload the perturbed leg and delay the onset of the contralateral 
swing phase. The reflexes might originate from increased input to the stretch or cutaneous 
recepetors on the perturbed side. The reflexive bursts, particularly of the bilateral BF muscles, 
ended simultaneously with the end of the unloading phase, indicating that active reloading of 
the leg resumed immediately after the flexion response had ended. The muscle synergy of 
both the ipsilateral and contralateral leg resembled muscle activations that were found during 
stumbling. 
 Both experimental conditions triggered a fast functionally relevant muscle synergy 
due to a mismatch between the expected and actual sensory feedback at the moment of foot 
contact. It was reasoned in chapter 5 that the results are consistent with an internal model 
that continually compares the expected with the actual sensory feedback. Several suggestions 
are made as to where this comparison is made: at a spinal, cerebellar or transcortical level. 
The cerebellum is thought to be an important structure involved in comparing the sensory 
reafference with the predicted sensory feedback. However, the fast latencies that were 
observed in chapter 5 (47-69 ms) are too short for transcerebellar loops. It is suggested, 
therefore, that the cerebellum might have primed the spinal structures for the possibility of 
an upcoming perturbation, since the subjects were able to predict the moment at which the 
perturbation occurred. This predictability might have abolished the need for a transcerebellar 
loop. 
Part 3: Experimental studies in patients with CMT type Ia
The most common cause of falls in polyneuropathy patients is walking, while suddenly 
encountering an uneven support surface. It was hypothesized in chapter 1 that slowed 
responses to perturbations may be one of the causes of falls in CMT Ia patients. In chapter 
6 it was shown, that the responses to an unexpected change in support surface height during 
walking were indeed impaired in relatively mildly affected CMT Ia patients. A first major finding 
was the absence, in patients, of short-latency reflex activity in the TA and BF muscles after 
touchdown. Furthermore, it was found that the fast bilateral braking reaction, as identified in 
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chapter 5, was significantly reduced and delayed (on average 32 ms) in the CMT Ia patients. Both 
motor and sensory pathways seemed to play a role in the disturbed responses of the patients. Yet, 
it was argued that the results were highly indicative of a primary role of the sensory afferents, in 
particular the large diameter proprioceptive afferents. 
 After the delayed impact, there was a wide co-contraction in various muscles, 
presumably in order to increase leg stiffness and maintain stability, consistent with the findings 
in chapter 5. This extra activity was severely reduced and delayed in the CMT Ia patients, which 
may have resulted in reduced ankle stiffness. The reduced amplitude of the post-landing activity 
was associated with both sensory and motor deficits. Restrictions in the passive ankle range of 
motion were significantly associated with reduced muscle activity in this phase as well. 
 The delayed and reduced activity in several of the muscles participating in the braking 
synergy occurred in parallel with delayed and reduced flexion responses in the non-perturbed 
ankle and knee. In addition, the braking reaction of the CMT Ia patients appeared less effective, 
since it was followed by a significant shortening of the perturbed stance phase and some rapid 
corrective steps. Although falls were not observed in the current study, the patients frequently 
grabbed for the lateral sidebar, and some experienced a loss of balance to the extent that a 
physical assistant had to assist. These findings indicate that even mildly affected CMT Ia patients 
experience substantial balance problems in daily life when faced with terrain that is lower than 
expected.
 Chapter 7 underscores the functional impact of the loss of large myelinated afferent 
fibres on postural control in CMT Ia patients. The postural control of 9 CMT type Ia patients was 
compared with the postural control of 11 healthy age-matched controls and 8 patients with a distal 
type of Spinal Muscular Atrophy (SMA) without sensory loss. The balance assessment consisted 
of 4 tasks with varying degrees of task complexity: quiet barefoot standing on a stable and 
compliant surface, with eyes open and closed. Both the CMT and the SMA patients showed larger 
postural instability compared to the age-matched controls, placing them at an increased risk for 
falls. The degree of postural instability increased with task complexity, indicating that the patients 
had fewer sensory and motor compensatory mechanisms when task complexity increased. 
 The CMT Ia patients showed similar levels of postural instability as patients with distal 
SMA when standing with eyes open on either a firm or compliant surface. Yet, they showed an 
increased reliance on visual feedback, especially when standing on the compliant surface. This 
increased visual dependency was only found in the CMT patients, which corroborates the notion 
that increased visual dependency is a direct consequence of somatosensory loss. The postural 
instability of the CMT patients correlated consistently and significantly with decreased vibration 
sense. The correlation strengths were higher for the more complex tasks. Presumably, standing 
in a challenging environment relies more heavily on an intact proprioceptive system. 
 In chapter 8 it is concluded that even mildly affected CMT Ia patients experience 
substantial balance problems, both static and dynamic, when faced with challenging terrain. The 
loss of balance is proportionate to proprioceptive loss, as well as to motor symptoms. Further 
fundamental knowledge about the effect of sensory and motor loss on balance and gait may 
lead to the development of standardised procedures for the clinical assessment of individual 
performance and may provide a valid base for intervention studies.
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Samenvatting
Deel 1: Onderzoeksparadigma
In hoofdstuk 1 werd het doel van het huidige proefschrift toegelicht: meer inzicht krijgen in de 
pathofysiologische mechanismen die ten grondslag liggen aan de loop- en balansproblemen 
van CMT Ia patiënten, ten einde aangrijpingspunten te vinden voor toekomstige interventies. 
Om eventuele compensatoire mechanismen, zoals bijvoorbeeld een verhoogde visuele 
afhankelijkheid, aan het licht te brengen, was een experimentele opzet die verstoringen van 
balans en lopen kon induceren onontbeerlijk.
 In hoofdstuk 2 werden de loopproblemen van 75 ambulante CMT I patiënten 
geëvalueerd. De patiënten waren vermoeider en minder lichamelijk actief dan de gezonde 
controles. De patiënten hadden een aanzienlijke distale parese (MRC = 3.3), veel pijn/
ongemak (76%), maar een normaal niveau van arbeidsparticipatie (62.7%) en angst/depressie 
(20%). Significante ambulatoire beperkingen werden gevonden in 72% van de patiënten. De 
patiënten met ambulatoire beperkingen waren ouder, vermoeider, minder lichamelijk actief, en 
hadden meer distale parese en een lagere algehele gezondheidstoestand in vergelijking met 
de patiënten zonder ambulatoire beperkingen. Het hebben van ambulatoire beperkingen kon 
gedeeltelijk worden voorspeld op basis van de geschatte maximale loopafstand en de distale 
parese van de patiënt. Loophulpmiddelen werden gebruikt door 49% van de patiënten. Deze 
patiënten waren gemiddeld ouder, minder actief, hadden meer distale parese en ervaarden 
meer problemen met lopen, mobiliteit en vermoeidheid dan de patiënten die geen hulpmiddelen 
gebruikten. Desalniettemin gebruikte 41% van de patiënten met significante ambulatoire 
beperkingen geen loophulpmiddelen. Dit suggereert dat het gebruik van loophulpmiddelen in 
deze groep niet optimaal was.
Deel 2: Introductie van een nieuwe experimentele opzet
Het uitblijven van verwacht voetcontact tijdens lopen, als gevolg van bijvoorbeeld een 
onverwachts afstapje, heeft tot dusver relatief weinig wetenschappelijke aandacht gekregen 
ondanks de belangrijke klinische relevantie voor vallen. In een onverwachts afstapje stappen 
vereist een snelle aanpassing in voetplaatsing en stijfheid van het been om dynamische 
stabiliteit te kunnen handhaven. In hoofdstuk 3 werden de effecten van een onverwachte 
en verwachte afstap van 5 cm op de voetplaatsing en het looppatroon geëvalueerd. Twaalf 
gezonde volwassenen participeerden. Een onverwachts afstapje resulteerde in een hiellanding 
(74%) en een relatief vroege piekdruk. De landing was op de laterale voetrand, wat doorgaans 
een verhoogd risico op enkelinversie geeft. Na de landing werd het afstapje gevolgd door een 
snelle voorwaartse beweging van het lichaamszwaartepunt. Hierbij werd het verstoorde been 
snel ontlast, gekenmerkt door een verkorte standfaseduur en verminderde afzetkracht. Deze 
effecten werden met name gezien na het eerste onverwachte afstapje, wat het meest lijkt op 
een onverwachte afstap in het dagelijks leven. 
 Wanneer de proefpersonen op de hoogte waren van de afstap gingen ze voorzichtiger 
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lopen. De standfaseduur van de stap voor het afstapje werd verlengd. Het afstapje zelf werd 
gekenmerkt door een verhoogd aantal gecombineerde (platvoets) en voorvoetlandingen 
(76%). Dit stelde de proefpersonen in staat om het loopoppervlak te evalueren, voordat het 
gehele lichaamsgewicht werd overgebracht. Bij een voorvoetlanding kan men door middel 
van excentrische contractie van de kuitspieren de zwaartekracht effectiever absorberen dan 
bij een hiellanding. Echter, plantairflexie bij voetcontact is eveneens een risicofactor voor 
enkelverzwikkingen. Ondanks het toegenomen risico voor enkelverzwikkingen bleken de 
proefpersonen een voorvoet- of gecombineerde voetlanding sterk te prefereren boven een 
hiellanding bij een verwachte afstap van 5 cm. Het effect van voorkennis was echter subjectief. 
Sommige proefpersonen waren erg rigide en landden op hun hiel in beide condities, anderen 
wisselden hun strategie op het moment dat ze op de hoogte waren van de afstap. Gewenning 
had geen invloed op de voetlanding strategieën.
 In hoofdstuk 4 werd het effect van voetplaatsing op het drukprofiel nader onderzocht. 
De impact fase tijdens lopen werd soms gekarakteriseerd door een vroege piekdruk, gevolgd 
door een kortdurende afname in het drukprofiel. Deze vroege piekdruk trad het meest 
frequent op wanneer de proefpersonen niet op de hoogte waren van de conditie van het 
loopoppervlak. De incidentie was met name hoog bij het lopen op een vlak oppervlak, na eerst 
een onverwachts afstapje te hebben getrotseerd (98%). De amplitude van de drukafname 
was hoger bij de gecombineerde, dan bij de hiel- en voorvoetlandingen. Vermoedelijk was 
het vermogen om middels excentrische contractie van de voetheffers of -strekkers geleidelijk 
energie te absorberen beperkt in deze platvoetse positie. Tevens was de amplitude van de 
drukafname significant geassocieerd met de snelheid van druktoename bij impact. 
 Zowel het percentage gecombineerde voetlandingen, als de amplitude en duur van 
de drukafname waren het hoogst bij de eerste keer vlak lopen na een onverwachts afstapje, 
en namen daarna geleidelijk af als gevolg van gewenning. Volgend op de kortdurende 
drukafname werd de voetafwikkeling onderbroken, de knie gebogen, de dubbele standfase-
duur verlengd en de initiatie van de zwaaifase uitgesteld. De amplitude van de drukafname 
correleerde significant met de toename in knie-flexie, wat impliceert dat de drukafname een 
kortdurend ‘door het been zakken’ illustreert. Bij de gezonde proefpersonen werden geen 
balansverstoringen waargenomen. Echter, het ‘door het been zakken’ zou een risico kunnen 
zijn voor diverse patiëntgroepen.
 Wanneer tijdens lopen het moment van daadwerkelijk voetcontact verschilt van 
het verwachte moment, is een snelle respons nodig. Zulke situaties treden op wanneer het 
loopoppervlak hoger of lager is dan verwacht. Deze verstoringen zijn onderzocht in hoofdstuk 
5. Bij een oppervlak dat lager was dan verwacht stimuleerde het uitblijven van voetcontact 
een snelle bilaterale spieractivatie 47-69 ms na het passeren van het niveau van verwacht 
voetcontact, en 21-43 ms voor het daadwerkelijke voetcontact. De synergie die geactiveerd 
werd kwam overeen met een remreactie. Aan de zijde die verstoord werd, was er een activatie 
van de MG (mediale gastrocnemius) en RF (rectus femoris) met als gevolg plantairflexie van 
de enkel en extensie van de knie. Aan de niet-verstoorde zijde werden de TA (tibialis anterior) 
en BF (biceps femoris) geactiveerd, met een flexie van de knie tot gevolg. De uitlokkende 
factor voor deze reactie was waarschijnlijk het ontbreken van verwacht voetcontact aan de 
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verstoorde zijde, of de verlengde standfase-duur aan de niet-verstoorde zijde, bemerkt door 
stretch- of load-receptoren. Na het daadwerkelijke voetcontact, werd er verhoogde activiteit 
van de MG en RF aan de verstoorde zijde gevonden, resulterend in co-contractie rond de 
knie. Deze specifieke synergie werd vermoedelijk geactiveerd om het uitgestelde impact op 
te vangen en de voorwaartse propulsie van het lichaam af te remmen.
 Wanneer het loopoppervlak eerder werd geraakt dan verwacht, was het been nog niet 
voldoende voorbereid op impact. Dit werd gekenmerkt een verminderde TA activiteit en meer 
plantairflexie van de voet bij voetcontact. Daaropvolgend zakten de proefpersonen kortdurend 
door het been, gekenmerkt door een periode van drukafname 40-78 ms na voetcontact. Het 
door het been zakken gebeurde gelijktijdig met enkele reflexen (46-81 ms na voetcontact) 
die flexie van de verstoorde knie (TA, BF, RF) en extensie van de niet-verstoorde knie (MG, 
BF) tot gevolg hadden, om het verstoorde been te ontlasten en de zwaaifase uit te stellen. 
Deze reflexen waren waarschijnlijk het gevolg van verhoogde stimulatie van de stretch- en 
cutane receptoren aan de verstoorde zijde. De reflexactiviteit, met name van de bilaterale 
BF, eindigde tegelijkertijd met de afname in het drukprofiel. Actieve belasting van het been 
begon dus meteen nadat de flexierespons was beëindigd. De synergie van spieractivatie die 
gevonden werd lijkt sterk op eerder beschreven synergieën bij struikelen.
 Beide experimentele condities activeerden een functioneel relevante synergie 
van spieractivaties, tengevolge van een discrepantie tussen het moment van verwacht en 
daadwerkelijk voetcontact. Deze resultaten zijn consistent met het hebben van een intern 
model, dat continu de verwachte met de daadwerkelijk sensore feedback vergelijkt. Deze 
vergelijking zou gemaakt kunnen worden op het niveau van het ruggenmerg, het cerebellum 
of de cortex. Uit literatuur is gebleken dat het cerebellum een belangrijke rol speelt in het 
vergelijken van verwachte met daadwerkelijke sensore feedback. Echter, de latentietijden in 
de huidige studie (47-69 ms) waren te kort voor een transcerebellaire loop. Het wordt dan ook 
gesuggereerd dat het cerebellum het ruggenmerg zou kunnen ‘primen’, voor een mogelijke 
perturbatie. Deze voorspelbaarheid zou de noodzaak van een transcerebellaire loop kunnen 
elimineren.
Deel  3: Experimentele studies in patiënten met CMT Ia
De meest frequente oorzaak van vallen bij polyneuropathie patiënten is een plotselinge 
onregelmatigheid in het loopoppervlak. In hoofdstuk 1 is geopperd dat vertraagde reacties 
op perturbaties een van de oorzaken van frequent vallen bij CMT Ia patiënten zou kunnen 
zijn. In hoofdstuk 6 is aangetoond dat de reacties van CMT Ia patiënten op een plotselinge 
verandering in de hoogte van het loopoppervlak vertraagd zijn. Een eerste belangrijke 
bevinding was de afwezigheid, bij patiënten, van de snelle reflexen (short-latency) in de TA 
en BF na voetcontact tijdens normaal lopen. Verder bleek de snelle bilaterale remreactie, 
zoals beschreven in hoofdstuk 5, significant minder sterk en minder snel te zijn (gemiddelde 
vertraging 32 ms) bij de patiënten. Zowel de motore als de sensore uitval bleek een rol te 
spelen in de verstoorde reacties van de patiënten. Het werd echter beargumenteerd dat 
de resultaten duiden op een primaire rol van de sensore afferenten, met name de dikke 
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gemyeliniseerde proprioceptieve vezels. 
 Na voetcontact trad er een uitgebreide co-contractie op in meerdere spieren, 
vermoedelijk om de stijfheid van het been te verhogen en stabiliteit te waarborgen. Deze co-
contractie was minder sterk en minder snel in de CMT Ia patiënten, wat mogelijk verminderde 
enkelstijfheid tot gevolg heeft gehad. De verminderde amplitude van de post-landing activiteit 
was eveneens geassocieerd met zowel sensore als motore uitval. Restricties in de passieve 
bewegingsuitslag van de enkel waren ook geassocieerd met verminderde spieractiviteit.
 De vertraagde en verminderde spieractiviteit in de verschillende spieren die deel 
uit maakten van de remreactie gebeurde gelijktijdig met vertraagde en verminderde flexie 
van de enkel en knie aan de niet-verstoorde zijde. De remreactie van de CMT Ia patiënten 
bleek tevens minder effectief, aangezien de daaropvolgende standfase-duur ingekort werd 
en gevolgd werd door enkele snelle, kleine passen. Hoewel er niemand viel tijdens de studie, 
grepen de patiënten frequent naar de aanwezige leuning en moesten sommigen geassisteerd 
worden door een fysiotherapeut om de balans te herstellen. Deze bevindingen illustreren dat 
zelfs mild aangedane CMT Ia patiënten substantiële balansproblemen ervaren wanneer ze op 
een oppervlak stappen dat lager is dan verwacht.
 Hoofdstuk 7 beschrijft het effect van het functionele verlies van de dikke 
gemyeliniseerde afferenten bij CMT Ia patiënten, op de balanshandhaving. De posturale 
controle van 9 CMT Ia patiënten werd vergeleken met die van 11 gezonde controles en 8 
patiënten met een distaal type van spinale musculaire atrofie (SMA) zonder sensore uitval. 
Het onderzoek bestond uit 4 balanstaken, variërend in moeilijkheid: staan op een harde en 
zachte ondergrond, met ogen open en ogen dicht. Zowel de CMT als de SMA patiënten 
hadden een grotere instabiliteit vergeleken met de gezonde controles, met als gevolg een 
verhoogd valrisico. De posturale instabiliteit van de patiënten nam toe bij een toenemende 
moeilijkheid van de taak, wat impliceert dat de patiënten minder sensore en motore 
compensatiemechanismen hadden wanneer de taakcomplexiteit toenam. 
 De instabiliteit van de CMT Ia patiënten was vergelijkbaar met die van de SMA 
patiënten. De CMT patiënten hadden echter een verhoogde visuele afhankelijkheid, met name 
bij het staan op een zachte ondergrond, terwijl dit niet het geval was bij de SMA patiënten. 
Verhoogde visuele afhankelijkheid is kennelijk een typische bijkomstigheid van somatosensore 
uitval. Verder bleek de posturale instabiliteit van de CMT patiënten significant te correleren 
met afgenomen vibratiezin. De correlaties waren sterker bij toenemende taakcomplexiteit. 
Waarschijnlijk is posturale stabiliteit in een uitdagende omgeving in toenemende mate 
afhankelijk van intacte proprioceptieve input.  
 In hoofdstuk 8 werd geconcludeerd dat mild aangedane CMT Ia patiënten 
substantiële balansproblemen ervaren, zowel statisch als dynamisch, wanneer zij 
geconfronteerd worden met een onregelmatig grondoppervlak. Het verlies aan stabiliteit is 
gekoppeld aan zowel proprioceptieve als motore uitval. Verdere fundamentele kennis over het 
effect van sensore en motore uitval op balans en lopen, zou kunnen leiden tot de ontwikkeling 
van gestandaardiseerde procedures voor het evalueren van patiënten in de kliniek, en zou 
een goede basis zijn voor toekomstige interventie studies.
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